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The success of lightweight automotive multi-material assemblies depends on selecting appropriate 
joining techniques that can provide the expected day-to-day operational strength while delivering 
occupant protection during crash scenarios and long-term durability performance. Epoxy-based 
adhesives provide an important joining method to increase structural stiffness and enable the joining of 
dissimilar materials for multi-material assemblies. However, the design of adhesive joints requires 
mechanical data to support integration in vehicles and computer aided engineering design. The 
objective of this research was to address a deficit in the identification and quantification of damage in 
epoxy adhesive materials under applied loading, which is critical for constitutive models that can be 
used in the numerical representation of structural epoxy adhesive materials.  
Three structural epoxy adhesive formulations: a non-toughened single-part epoxy (EC-2214, 3M); a 
two-part toughened epoxy (DP-460NS, 3M); and a high toughness single-part epoxy (SA-9850, 3M); 
were tested to failure under tension and shear loading conditions over a range of strain rates (0.002–
100 s-1). The measured mechanical data was implemented in constitutive models using two approaches 
(cohesive zone model and continuum solid element formulation) and verified using finite element 
simulations of the experiments. This study provided understanding regarding the mechanical response 
of structural adhesives to loading and the relationship between shear and tensile strength, differences 
in non-recoverable mechanical response, and the mode of failure for different adhesive formulations 
(localization and brittle failure, development of strain whitening and ductile failure). Adhesives strength 
increased with increases in strain rate for all three materials, and limitations in current modeling 
approaches such as the use of a von Mises yield surface and assuming coupling of strain rate effects 
between different modes of loading, were identified. Importantly, strain whitening was observed on the 
surface of the specimens during testing, and exhibited varying intensity and distribution depending on 
the strain rate and material type. A paucity of damage data for structural adhesives was identified in the 
literature. This information is necessary to define or enhance failure criteria in finite element 
simulations, which in turn can improve the physical representation of adhesive materials in numerical 
simulations.  
A follow-on study investigated the viability of using Vickers microhardness measurements as a forensic 
technique to quantify damage in structural adhesives. The study used tensile specimens machined from 
bulk adhesive and tested to failure over a range of strain rates (0.002-100 s-1). Pre-test reference 
 
 vi 
microhardness measurements were compared to post-test hardness measurements along the gauge 
length of the test specimens. The changes in microhardness were used to indirectly measure damage in 
the materials. In general, for toughened epoxies, the damage extended over much of the sample gauge 
length, while the un-toughened epoxy demonstrated damage localization at the failure location. 
Increasing strain rate led to an increase in the damage localization for a given material. Out of the three 
tested materials, the two-part toughened epoxy (DP-460NS) demonstrated the most complex behavior 
during the straining process including variations in microhardness with strain rate, development of 
strain whitening with load, and further evolution towards shear banding at high levels of deformation. 
Although microhardness did provide a reliable method for damage measurement, the procedure was 
not practical to obtain continuous strain-damage data, as is required for material constitutive models. 
However, the microhardness data support the premise that strain whitening in the tested specimens was 
associated with the measured microhardness changes and therefore damage in the toughened epoxies. 
A follow-up study using the two-part toughened adhesive (DP-460NS) was conducted to further 
understand the nature of the strain whitening process and its connection to damage through microscopic 
observations of the material surface during loading. This study also established damage reference 
values using traditional techniques (changes in stiffness and strength after load-reload) and determined 
that the observed changes in color (strain whitening) were linked to changes in the morphology of the 
surface in the strained material. Microscopic observations identified that the morphological changes 
caused by increases in tensile loading were due to the development of crack opening, cavitation, growth 
of plastic zones around cracks, and later the development of shear bands. Although the morphological 
change (21% change in the amount of pixels that describe the morphology of the free surface) was 
comparable to damage values calculated using traditional techniques (19% from changes in modulus, 
and 18% using changes in strength), the implementation suffered from the same shortcomings that 
affected the use of microhardness. That is, impracticality to obtain continuous damage data over the 
strain history of the material and limitations resulting from the small area observed in the material using 
the microscope. 
The previous studies led to the development of a macroscopic optical technique to quantify the 
evolution of damage in real time. The technique used images captured during tensile testing to assess 
damage through the change in average color on the material surface with strain. The two-part toughened 
epoxy was used to asses the implementation. The results were compared against damage data from the 
previous studies using the same material and damage calculated using other reference techniques. The 
 
 vii 
reference techniques included volumetric strains, changes in modulus of elasticity, and changes in 
microhardness. Damage measurements from the optical method ranged between 15 and 25% at failure, 
which agreed (15 to 21%) with the reference techniques (microhardness changes, modulus changes 
with load-unload and microscopic observations). There was a difference between the damage predicted 
using changes in volumetric strains (8%) and all other measures of damage. It was hypothesised that 
the lower value was associated with the volume conserving nature of the shear banding deformation 
process. In other words, any damage that can occur in parallel with or that can be associated with the 
shear banding process, was captured by all other techniques (changes in microhardness, changes in 
modulus of elasticity, microscopic images, change in color) while the volumetric strains fail to capture 
this contribution to the overall damage in the material. This was due to the lack of detectable changes 
in volume resulting from the shear banding process. In addition to the numerical agreement between 
optical damage values with the reference techniques (except for volumetric strains), the implemented 
optical method can predict the location of the actual fracture zone, quantify the damage level at different 
locations along the area of analysis, besides providing a continuous strain-damage curve. 
Damage measurement using optical measurement of changes in average color constitutes an accurate 
and robust experimental technique for structural adhesives that offers a new method to identify and 
quantify damage evolution in polymeric materials exhibiting strain whitening. The proposed technique 
can provide strain-damage curves, which are much needed information for the implementation of 
constitutive material models for structural adhesives and other polymeric materials. Although the 
method is limited to strain whitening materials, the measurement can be implemented for testing in 
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In an effort to improve energy efficiency and sustainability, manufacturers of such systems have been 
required to improve fuel efficiency while upholding current safety standards. Current Corporate 
Average Fuel Efficiency (CAFE) goals for fuel consumption was set at 41 miles per gallon for 2016 
and the future 2025 goal is set to the even higher efficiency of 60 MPG for passenger vehicles [1–3]. 
Occupant protection requirements have been also evolving since their first introduction in 1969 [4]. 
The current New Car Assessment Program (NCAP) requires a vehicle to comply with minimum ratings 
for head injury criteria, chest deceleration, femur load among others to determine the crashworthiness 
and rollover safety of the vehicle [5]. To achieve these goals, designers must not only consider structural 
and energy absorbing materials but also the joining methods that ultimately determine if the assembly 
and performance of such a structure is even possible. Typically, optimization design for both weight 
and safety is best achieved with multi-material structures. However, the use of dissimilar materials can 
introduce stresses due to mismatches in thermal expansion, while differences in galvanic potentials can 
lead to corrosion. Traditional mechanical fasteners and welding can only partially address some of these 
problems, but the use of bonding can at least, reconcile the galvanic differences by acting as a barrier 
between different materials. At the same time, a bonded union can provide a continuous joint that 
stiffens the structure and potentially enhances the energy absorption ability of the assembly[6,7]. 
Besides these basic requirements, current engineering practices also require that other performance 
aspects of bonded components be evaluated; including fatigue life, performance under load-unload 
scenarios, exposure to extreme temperature differentials, and lastly performance in crash scenarios 
where the dynamic deformation response of the structure, that is response under different rates of 
loading, is of great importance for safety concerns. 
Modern engineering design encompasses the extensive use of numerical simulation, which is not only 
economical but also practical. On the one hand, the use of numerical methods has substantially reduced 
design cycle times [8] while at the same time reducing the number of resources devoted to testing 
concepts and prototypes. In order to develop numerical models that can accurately predict the 
performance of bonded structures, a designer needs two pieces of information: first, a constitutive 
model that can accurately represent the mechanical response of the adhesive material [9] under diverse 
load scenarios; second, the mechanical properties and parameters that can be used to implement the 
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selected constitutive model [10]. Such mechanical properties can encompass stress-strain response 
under different modes of loading (tension, compression, shear) and at different strain rates, strains to 
failure, fracture toughness and damage data depending on the complexity of the model.  
Although the development of constitutive models is a challenging field, its development cannot proceed 
without a basic understanding of the mechanical response and damage mechanisms present in adhesive 
materials nor without experimental measurements. Current literature in adhesive materials is typically 
focused in three areas. One is the chemical composition and atomic structure and their relation to 
mechanical response to deformation [11–18] . The second corresponds to measured mechanical 
properties for adhesive materials, bonded joints and the testing methodology required [18–20]. This 
body of literature typically covers strength, stress-strain response, and fracture toughness under 
different loading modes. As of lately, this type of literature also incorporates a wide range of strain 
rates as opposed to only the quasi-static response [21–23]. The last field considers the numerical 
representation of adhesive materials [24–26]. Adhesives can be represented using different numerical 
methods, each one of which varies in complexity [24]. The simplest method available is a contact 
definition [27]. This implementation ties nodes with a critical stress failure criterion or crack opening 
displacement approach to predict failure. Although numerically efficient and requiring very little 
information for implementation, this type of elements are known to be problematic due to numerical 
instabilities (often termed unzipping). Cohesive elements [28,29], the next level of complexity, were 
designed to eliminate the shortcomings of contact definitions. Cohesive elements also enhance the 
accuracy of adhesive representation by including strain rate effects on strength, mixed load, and 
principles of fracture mechanics to predict element response and failure. Finally, continuum solid 
elements formulations can also be used to represent adhesive materials. This type of implementation 
can describe the mechanical response of materials in complex loading scenarios by incorporating all 
relevant experimentally observed effects in one model [30]. In many cases, the most sophisticated 
continuum implementations [31] incorporate damage mechanics formulations to predict damage 
growth, crack initiation and growth, and ultimate failure.  
Considering the needs of engineering design, the current implementation of constitutive materials for 
modeling and the available data in the literature, a survey determined that there is a significant deficit 
in the practical identification and quantification of damage in epoxy adhesive materials. This survey 
produced175 results out of which 73 were relevant after filtering non-related topics (e.g. reinforce 
concrete, bridge decks, etc.). Most of the surveyed literature contained sparse information in regards to 
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experimental data in a few epoxy materials [32–34] and a large portion of the survey considered either 
simulation or constitutive models with a damage implementation [35–37]. In some instances, the 
proposed constitutive models were used to infer the damage in the material from the mechanical 
response to load. Experimental techniques that address damage detection and measurement are 
available in the literature nonetheless. Some of these techniques include Ultrasonics [38,39], CT-Scan 
[40], Laser light scatter [41], Thermal tomography [42], Infrared Imaging [43], repetitive load-unload 
[44,45], volumetric strains [33,46,47], and electrical changes [48] among others. However, many 
challenges need to be addressed before implementing these techniques. For example, the existence of 
rate-dependent effects (visco-elasticity) inherent to polymeric materials [14,49] need to be consider 
while implementing mechanical testing [50]. Electrical changes can be difficult to measure due to the 
non-conductive nature of polymeric materials, or the time scale required to capture data for a given 
methodology (e.g. CT-Scan) could introduce creep effects [40]. More often than not, repetitive testing 
or the use of out-of-reach, specialized equipment with complex data analysis can be required before 
continuous damage-deformation data is generated. 
 
1.2 Objective 
It is known that certain polymeric materials can exhibit strain whitening during loading, i.e. the material 
can appear lighter in color compared to the original unloaded material; such a change in appearance is 
attributed to damage mechanisms such as crazing, crack openings, plastic zones, cavitation in particles 
and shear banding. The evolution of such features causes light scatter and hence a change in the hue of 
color in the material surface. The appearance of such features can be considered as damage since the 
capacity of the material to sustain further increases in load or absorb energy can be compromised. The 
aim of this thesis is to present an experimental method developed to quantify the strain whitening in 
the surface of structural adhesive materials so damage is measured in an indirect way. The proposed 
method is inexpensive and easy to implement, it also closes an experimental gap in the literature for a 
practical measurement method that provides damage measurements for a structural epoxy adhesive in 
a continuous fashion. The strain-damage data can be used with constitutive models that include 
continuum damage mechanics to define failure criteria, or to modify the effective material response 




1.3 Outline of thesis 
This thesis consists of seven chapters. The first chapter is this introduction and describes the 
motivations for, and objective of, the thesis. Chapter two provides an overview of the relevant literature 
and background related to epoxy adhesives, mechanisms of failure in polymers, and damage. Chapters 
three to six summarize the research carried out to identify the important aspects of damage in structural 
adhesives and to develop a methodology to measure damage. The contents of each chapter are based in 
separate articles as shown below: 
 
 Chapter 3. Characterization of the mechanical response in tension and shear for three epoxy 
adhesives (EC-2214, DP-460NS and SA-9850) at various strain rates (quasi-static to 1000 
1/s). The mechanical data was used to identify the capabilities and limitations of current 
material models used to represent adhesives in numerical simulations. 
Trimiño L, Cronin D. Evaluation of Numerical Methods to Model Structural Adhesive 
Response and Failure in Tension and Shear Loading, Journal of Dynamic Behavior of 
Materials, February 2016; 2, 122-137. 
 
 Chapter 4. Changes in microhardness were used as a first step to understand damage in epoxy 
adhesives subjected to uniaxial tensile loading. The work included assessing three adhesives 
tested under different strain rates (0.002 to 100 1/s), so the impact of strain rate on damage 
could be understood.  
Trimiño L, Cronin D. Damage Measurements in Epoxy Structural Adhesives Using 
Microhardness. International Journal of Adhesion and Adhesives, January 2018; 82, 211-
220. 
 
 Chapter 5. In-situ microscopic observations were used to assess surface changes during 
uniaxial loading using the DP-460NS adhesive. In parallel, measurements of damage were 
conducted using more traditional detection techniques such as changes in modulus of 
elasticity. The observed changes on the surface of the material with load were linked to 
cavitation and shear banding. Additionally, the surface change was quantified using image 
processing. Image segmentation was applied to identify changes between successive images 
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and the pixel differences between images were expressed as percentual changes. The surface 
image percentual change values (~ 21%) were compared with the available measurements 
of damage (18 and 19% respectively) and found to be in good agreement.  
 Chapter 6. Introduction of a new experimental optical technique for the measurement of 
damage. During tensile loading of toughened epoxy adhesive materials, damage occurs 
through mechanisms that favor strain whitening (particle debonding, cavitation and/or 
shear banding). With the strain whitening, the loaded material appears lighter in color when 
compared to the base material. In this study, the color change on the surface of a tensile 
sample was measured using image processing techniques and calibrated with the fraction 
of voids from the fracture zone. This provided a method to indirectly measure damage in 
the material with changes in strain. Results were compared with damage values calculated 
using other techniques such as damage from volumetric strains, changes in modulus of 
elasticity, and changes in microhardness. 
 
The last chapter (Chapter 7), provides conclusions, highlights the contributions of this work, and briefly 






Epoxy systems are adhesive compounds typically used in structural joints; they can provide the required 
performance to satisfy the structural demands of the automotive industry [6,51]. This chapter focuses 
on three main sections: a general description of bonded joints and epoxy adhesives; failure mechanisms 
in polymeric materials; and lastly a discussion of damage mechanics and a survey of the experimental 
techniques currently available for the characterization of damage in materials, and their limitations. 
 
2.1 Adhesive systems 
2.1.1 Bonded joints  
Adhesives can be defined as a chemical compound that is used to bond or join an interface between 
two surfaces (Figure 2-1). The adherends (that is the material or materials to be joined) can be of a 
varied nature, i.e., they can be ceramics, metals, polymers, organic materials or a combination of these. 
Depending on the application, that is the type of adherends, and the expected level of load and service 
conditions, certain types of adhesives may be more suitable than others. Bonded joints can be loaded 
in many ways, but the main result is that the material selected to provide the bonding has to transfer 
tension, compression, shear loads, or a combination of these without failure, so the integrity of the 
assembly is maintained. 
Bonded systems have two potential failure mechanisms while transferring loads: one is the rupture of 
the adhesive material itself by the failure of its own cohesive strength[52]1.The other is debonding at 
the interface between the adhesive and one of the bonded surfaces due to the failure of the adhesive 
forces [52]2. 
2.1.2 Principles of adhesion  
According to Kinloch [53] adsorption is the most widely applicable theory to explain adhesion. 
Adsorption proposes that provided enough molecular contact exists at the interface, materials will 
adhere because of interatomic and intermolecular forces. The most common forces are van der Waals 
                                                     
1 Cohesive strength: Strength of the chemical and physical forces that hold together a mass of material  
2 Adhesive strength: Strength of the interface between the adhesive material and the bonded surface of the adherend material  
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forces where hydrogen bonds can play a significant role in establishing adhesion. In addition, ionic and 
covalent bonds can also play a role, however the development of these links are highly dependent upon 
the chemistry of the interface. There are other three main mechanisms of adhesion [53,54]: diffusion 
theory, electronic theory, and mechanical interlocking. Diffusion states that the adhesion of materials 
is due to mutual diffusion of molecules across the interface. Electronic theory postulates that there is 
some electron transfer on contact to balance Fermi levels, which will result in the formation of an 
attractive electrical charge in the interface. Lastly, mechanical interlocking proposes that the 
topography and roughness of the materials provide the irregularities that lock the materials and provides 
the major source of intrinsic adhesion. 
 
 
Figure 2-1: Schematic of a bonded joint and its modes of failure 
 
2.1.3 Epoxy Adhesives  
Although, in general, adhesives can have a wide range of compositions (vegetable or animal emulsions, 
casein glues, albumen glues) [55], epoxy adhesives are considered as synthetic polymers due to their 
chemical composition and structure [55]. Polymers can be classified into three groups [56]: 
 Thermoplastics: Linear or branched polymers which melt upon heating. They can be further 
categorized into crystalline or amorphous depending on the presence or lack of a definite 
structure, or regular pattern, in their molecular composition. 
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 Thermosets: Rigid, highly cross-linked polymers which degrade rather than melt when 
exposed to heat. 
 Rubbers: Lightly cross-linked polymers which have elastomeric properties. 
Epoxy adhesives have been used to replace more traditional methods of joining like bolts, rivets, 
welding, crimping, brazing, and soldering [53]. Due to their versatility, structural adhesives can be used 
to provide optimized joints which are lighter and stronger than the traditional counterparts [53], provide 
joints with uniform stress distributions, and the ability to join almost any material [57]. In addition, 
epoxy adhesives can be chemically tailored to perform in adverse environments (oxygen, UV, water, 
salt-spray, temperature and radiation) [54,58] where other methods of joining may not be appropriate 
or desired. For structural applications, the best-known and mostly widely used adhesives are epoxides 
[54]. Epoxy adhesive systems typically contain several chemical elements that interact by complex 
chemical reactions, but the essential component is the epoxy resin around which the adhesive was 
formulated [59]. Resins can be made synthetically by reacting two or more chemicals; these chemical 
compounds can be aromatic or aliphatic, cyclic or acyclic [60]. The most common type of functional 
building block in epoxy resins is the oxirane group [61], a three-membered group containing oxygen 
(Figure 2-2). Oxirane, or Ethylene oxide, is an organic compound with the formula C2H4O, which 
describes a cyclic ether. Cyclic ethers consist of an alkane3 with an oxygen atom bonded to the two 
carbon atoms of the alkane forming a ring. Because of its unique molecular structure, ethylene oxide 
readily participates in addition reactions[62,63]; e.g., opening its ring and thus easily polymerizing. 
Polymerization and cross-linking is not only important for determining the cohesive strength of an 
adhesive [54], it can also play a role in the capability to incorporate other resin types that can improve 
the mechanical performance of the bulk material (Service temperature, shear/peel strength, toughness) 
[60].  
 
Figure 2-2: Oxirane group [64] 
                                                     
3Alkane: Chemical compound compose solely of hydrogen and carbon atoms with single bonds in an open chain.  
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Another common type of resin is Phenoxy, which in terms is based on Bisphenol-A (Figure 2-3). This 
last compound is used in many cases either as standalone or as a secondary component in the resin [65]. 
Because of the number of secondary hydroxyls present in the compound, it promotes higher cross-link 
densities, and higher chemical resistance [66] and superior adhesion with a variety of substrates can be 
achieved by the increased potential for hydrogen bonding compared to Oxirane-based resins.  
 
Figure 2-3: Phenoxy, chemical composition [67] 
Typically, epoxy adhesives can be obtained in two forms: a two-part formulation, which are combined 
at the time of application, or a one-part heat-cured paste. Two-part adhesives are often manufactured 
from Bisphenol-A with the addition of a curing agent [59]. The appropriate selection of a curing agent 
can satisfy specific requirements for an epoxy system such as curing temperature, strength, chemical 
resistance, etc. [65,66]. Also, these compounds can be formulated so the curing process can proceed at 
room temperature, making them quite simple for field use. On the other hand, one-part heat curing 
epoxy adhesives have higher crosslink densities and better surface wetting capabilities; this results in 
better adhesive and cohesive strength and better environmental resistance. In addition, heat-cured one-
part epoxies are much more consistent from the standpoint of final cured properties (e.g. modulus of 
elasticity and/or mechanical strength) [68] than room temperature two-part epoxies. In two-part 
epoxies, variations in mixing ratios can affect the final properties. Although epoxy properties may be 
varied, there are a few characteristics common to all epoxy adhesives: 
 Upon cure, some shrinkage of the bond takes place, a phenomenon common to all polymerizing 
systems. The amount of shrinkage can result in residual stresses in the bond [69]. 
 Epoxy-based adhesives display good adhesion to a wide variety of materials, such as wood, 
ceramics, metals, and plastics [20,70]. 
 In service conditions that can require functionality under different environments, including 
exposure to water or solvents, the formulation can be tailored for these conditions. For example, 
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Petrova [71] reported that when an aluminum powder was used as a filler in epoxy adhesives, 
the water uptake by cured films was lower than that of the unfilled adhesive. 
An epoxy system can be further modified to change its physical properties by the addition of solvents 
to reduce the viscosity; fillers and reinforcements such as glass fiber, alumina, silica sand, clay or metal 
powders to change properties such as heat and electrical resistance, strength and/or change adhesion to 
specific substrates and materials [72]. One addition that is relevant for impact related events are 
plasticizers. This addition generally results in a minor reduction in strength but with a significant 
increase in the fracture toughness of the adhesive, which improves the impact resistance, flexibility, 
and energy absorption in joints. Typically, butadiene (rubber) or other polymers are included as 
microscopic particles that provide a toughening mechanism [73]. In this case, the toughening 
mechanism is provided by the softer phase, which arrests crack propagation and therefore increases the 
fracture toughness of the material [74,75]. A transmission electron microscopy (TEM) micrograph of 
such a compound is illustrated in Figure 2-4. The reason for the phase separation in the figure is that 
most polymers are immiscible in one another. Although Figure 2-4 illustrates a highly ordered 
composite material, it must be noted that the actual appearance of a toughened epoxy can be very 
irregular and is influenced not only by the amount of toughening phase, but also by the curing 
temperature as demonstrated by Pillai [76] (Figure 2-5). 
 
 




Figure 2-5: SEM pictures describing the effects of curing and blend ratio in the morphology of 
a toughened epoxy. Reprinted with permission from [76]. Copyright 2012 American Chemical 
Society 
2.2 Polymer response to load  
Polymers exhibit a wide range of mechanical properties depending upon their structure and the testing 
conditions. Polymers, as many other engineering materials, demonstrate elastic behavior for small 
deformations, and in some cases viscoelastic response, but this response is highly dependent on the 
microstructure and chemical composition of the polymeric material [77]. In polymers with semi-
crystalline structure, that is polymers with some degree of regularity between the chains that form their 
structure; deformation takes place essentially through the bending and stretching of aligned polymer 
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backbone bonds, which requires high forces [78–80]. In the case of some isotropic polymers; the 
molecules can be coiled, randomly oriented and locked in the structure so elastic deformations induce 
bond rotations which require lower forces [78]. Polymers exhibit a distinctive mechanical behavior in 
the way they respond to an applied stress or strain depending upon the rate or time period of loading 
[56,81]. Elastic materials obey Hooke's law and have the capacity for storing energy, whereas a viscous 
material, such as liquids, tend to obey Newton's law where the stress is proportional to strain-rate and 
independent of strain [56]. In general, the behavior of many polymers can be thought of as being 
somewhere between that of elastic solids and viscous liquids (i.e. viscoelastic) [82]. It must be noted 
that the term viscoelastic is also used to denote materials whose mechanical properties are dependent 
upon their past deformation history which is also applicable to polymers. 
2.2.1 Load-deformation response  
The load response in polymers can be as varied as their chemical composition [83] as is shown in Figure 
2-6. Polymers can have a linear-elastic response for small deformations, e.g PMMA (Polymethyl 
methacrylate); they could have viscous effects that are reflected as dampening and are a consequence 
of internal friction between deforming chains which is noticed as local peaks in the load curve as it is 
shown for an epoxy (Bisphenol-A type) and for PA (Nylon 6,6). The plastic behavior could be perfectly 
plastic or highly non-linear with either hardening (epoxy) or softening (PVC) or even both. 
 
Figure 2-6: Force-displacement response for different polymers [83] 
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Epoxies typically demonstrate linear elastic behavior with limited ductility and small strains to failure 
[21,84]. However, incorporation of other elements in the formulation (plasticizers, toughening 
particles) can significantly modify the response [15,84–86] by enhancing the strain to failure, fracture 
toughness, and energy absorption but at the price of reducing the strength to failure. 
2.2.2 Strain rate effects 
Generally, materials are tested at quasi-static loading conditions (e.g. 0.01 1/s strain rate), where the 
rates of change in the loads and inertia effects are negligible; however, scenarios of interest for the use 
of adhesives (i.e. crashworthiness of bonded structures) are better described by including dynamic 
conditions. Under dynamic conditions both the loading rate and inertial effects can affect the measured 
behavior of a material or structure [87]. Strain rate effect is a phenomenon that has been extensively 
researched in different polymeric materials (PMMA, PC, PVC, Epoxy adhesives) [79,88]. The 
phenomenological behavior observed in different polymeric material testing [9,22,88–90] is similar to 
that of metals, in that the strain rate effect can be identified as an increase in strength and decrease in 
the strain to failure. For polymers in particular, changes in modulus of elasticity can also be observed 
as a consequence of type of loading (i.e. tension or compression) and strain rate effects [22]. Figure 2-
7 illustrates some of these effects for Nylon 101, it is noticeable that the strength of the material is 
higher as the strain rate of the test is increased for both tension and compression loading. 
 
Figure 2-7: Strain rate effects on Nylon 101 [22] 
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A variety of constitutive models, derived from work in metallic materials, can be used to describe the 
flow stress of polymeric materials loaded at different strain rates [89]. One compelling fact for the use 
of this type of models, is that they are ready available in many commercial codes for numerical 
simulation; also they require limited amount of experimental data for implementation when compared 
to viscoelastic models based on combinations of springs and dashpots, e.g. Maxwell model,Kelvin 
model, or Prony series [77,82]. When the strength of the material is proportional to the logarithm of the 
strain rate one of such models from metals that seem suitable to predict strain rate behavior in epoxy 
polymers is the Cowper-Symonds (C-S) model [91]. Although this equation is broadly used due to its 
practicality, it is important to mention that sometimes the C-S equation is not able to predict material 
behavior over a broad range of strain rates. To circumvent this limitation, authors have propose to use 
coefficient changes [92]. Also, in certain instances this model is not appropriate since it cannot capture 
viscoplastic effects that could be noticeable in certain polymeric materials (bi-component epoxy 
adhesive[89]). As is well explained by Morin [90], “The evolution of the stress for a given plastic strain 
as a function of strain rate is a highly non-linear phenomenon and classical models (e.g. C-S) only give 
parallel behavior laws”. Goglio [89] proposed the use of Poly-linear fittings to circumvent these 
challenges.  
2.2.3 Mechanisms of failure in polymers 
In terms of deformation and failure, very distinct phenomena can be observed in polymers, depending 
on chemical composition and structure [93]. The first mechanism of failure is a brittle fracture (Figure 
2-8, top left), which occurs at temperatures below the glass transition temperature (§ 0.8 Tg) or high 
strain rates. Glass Transition Temperature (Tg) is the point at which a material alters state. Below this 
temperature materials are relatively hard and inflexible, and above it they are soft and flexible [54]. 
During a brittle failure, the elongation is small (strains to failure in the range of 0.5% to 2% [94]), and 
catastrophic failure by fracture occurs very suddenly without any large-scale plastic deformation, 
although it is generally thought that brittle failure is initiated by localized shear yielding or crazing [93]. 
Both shear banding (also known as shear yielding) (Figure 2-8, lower left) and crazing (Figure 2-8, top 
right) occur by localization of strains [95,96].  
Shear banding is a process that can lead to plastic deformation; it takes place at constant volume and 
leads to a permanent change in specimen shape and can occur in either tension or compression 
[95,97,98]. Shear bands will form if a material exhibits strain softening, most polymers have a tendency 
to form shear bands, but it is stronger in some more than in others, and this is observed by a difference 
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in the geometry of the formed bands [79]. One author suggests that the rate of strain softening and the 
strain-rate sensitivity of the flow stress can be related to characteristics of the bands [79] such as their 
width and length. The shear band mechanism generates viscoelastic and plastic deformations that can 
increase the toughness of the material [99].  
 
 





Figure 2-9: Crazing and shear bands in epoxy adapted from [73] 
Crazing can be considered as micro-cracks bridged by fibrils (crazes) [100], and their formation is 
accompanied by an increase in specimen volume. Crazing is favored in polymers with a high level of 
molecular mobility or systems with low crosslink density [96,99]. Craze development has been reported 
in materials such as polystyrene, high impact polystyrene, methylmetacrylate and polycarbonate. For 
crazes to develop, there must exist a hydrostatic tensile state of stress that favors void nucleation and 
crack opening, compressive states of stress do not develop crazes[101]. Crazes usually initiate and grow 
oriented perpendicular to the maximum principal stress, and they preferentially nucleate at points of 
stress concentration such as notches, rough surfaces [46], or defects inside the volume of the material. 
This has lead to the use of rubber particles to toughen polymeric materials by crazing[16,102,103]. 
Also, for crazes to form, the tensile strain needs to exceed a critical value[77,101]. Multiple crazes can 
lead to general yielding and act as a toughening mechanism in polymers. Crazing can be observed at 
the macro scale by a whitening of the material surface [46,104,105]. Although crazing is a significant 
damage mechanism in toughened thermoplastics [41], it is a controversial topic in epoxy materials. 
While some authors acknowledge the possibility of crazing in epoxies [106]; others [107] dispute the 
presence of this mechanism. To further complicate the subject, craze-like damage in toughened epoxies 
has been reported in the literature [108].  
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Craze-like damage, is described as load carring fibrils or tendons that arrest crack growth initiated from 
scattered cavitation in the core-shell particles (Butadiene particles surrounded by a hard shell material) 
used to modify an epoxy matrix [108]. Cavitation in this context (damage in materials), can be 
understood as the creation and propagation of voids inside a solid due to a high hydrostatic, or tri-axial, 
tensile stress [109]. Particle cavitation can also manifest as strain whitening [110]. In this case, the 
cracks and voids created by the cavitation at a particle are responsible for reflecting light and can 
explain the changes towards a whitened color. 
 
Both shear bands, crazing and craze-like mechanisms (caviation) are examples of strain inhomogeneity 
that can form inside polymeric materials. Since neither one of these mechanisms involve relaxation 
inwards of the sides of the specimen (necking) they can develop in thin sections and can form distinct 
regions entirely inside the specimen, provided that the shear or normal displacements are small [79]. 
Shear banding and crazing can be considered as competing mechanisms [111], but they can develop in 
parallel as shown in Figure 2-9 [73] for a core-shell rubber modified epoxy. Crazing can also act as a 
precursor to shear banding [112]. Which one dominates depends on chemistry, load conditions (i.e., 
state of stress and strain rate), as well as the composition of the material. As an example of this, Berger 
[113,114] has reported that highly entangled polymers (entanglement density > 11.0 x 1025 strands /m3) 
deform primarily by shear banding while less heavily cross-linked polymers (entanglement density < 
4.0 x 1025 strands /m3) prefer crazing.  
For completeness, one last mechanism to discuss is drawing (Figure 2-8, lower right). In a ductile 
regime, polymers can show yield stress followed by a constant drawing or shearing plateau. Both the 
yield stress and drawing stress depend on temperature, strain rate, and hydrostatic pressure. Drawing 
can be seen as a process of chain lengthening and disentanglement resulting from tensile loading. It has 
been noticed by Liu and Piggot that the shear strength when measured using a punching test, is 
approximately the same as the yield strength in tension[83], and therefore suggests that in shear most 
polymers (LDPE, HDPE,UHPE, PP, PA, PVC, PMMA, PC and Epoxy) can ultimately fail in tension 
by a process of chain disentanglement. Broadly speaking each failure mechanism has a typical range 
of polymer composition, temperature, state of stress and strain and of strain rate in which is dominant. 
Consideration needs to be given to the role that strain rate effects can play in the development of damage 
mechanisms in polymers. Although most literature is concerned with the measurement of mechanical 
properties (e.g. strength to failure, fracture toughness) and their variation with strain rate [9,22,88–90] 
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or variation with chemical formulation [75,115,116]; scarce information can be found in regards to 
variations in the modes in failure that can be triggered by changes in the rate of loading. Wu et al. [117] 
reported that in polybutylene terephthalate (PBT) polycarbonate (PC) blends, the key toughening 
mechanism under quasi-static loading (interfacial debonding of particles and cavitation) was disabled 
during impact loading. In this particular case, the constrain of the PBT matrix promoted brittle failure 
of the PC. In the case of epoxy systems modified with iron particles, Kytopolous [118] had shown that 
actual velocity and direction of crack propagation can be correlated to highly localized energy 
dissipative processes at the crack-front as well as to local inertial molecular mass effects. 
2.2.4 Observation of mechanisms of failure in polymers 
It is essential to be able to identify and understand fracture and failure in materials [81,99,119,120]. 
Elucidating damage mechanisms not only provides insight into the conditions that trigger failure under 
a specific mode of loading [81,119,120]; such knowledge can also lead to the selection of materials that 
are better suited to a particular application, or determine the requirements that need to be fulfilled in 
the development of a new material. The main tools available for this type of analysis are the use of 
optical microscopy [121], Scanning Electron Microscopy (SEM) [122] and Transmission Electron 
Microscopy (TEM) [123]. Each technique has its own advantages as well as limitations, although many 
challenges arise with the last two when studying polymeric materials. 
SEM can be problematic due to sample preparation requirements [122]. Artifacts may be created during 
the specimen preparation. Damage can be introduced due to polishing preparation and, metallic 
coatings may not be capable of following all the deformations in the polymer. Lastly, there is the 
possibility that the interaction between the scanning electron beam and the observed material, may 
affect the nature of the sample by either eroding the material or changing bonds due to the interplay of 
the electrons (e.g., promotion of crosslinking). 
TEM also presents particular challenges due to the nature of the required sample [123]. In this case, the 
surface for observation must be microtomed (10-400 nm in thickness), possibly requiring chemical 
staining to allow phase contrast and in some cases also require cryogenic cooling to inhibit reactivity 
of the sample during irradiation. 
Although the role of optical microscopy has been displaced by the advent of SEM and TEM [124], 
optical microscopy is mostly ready available, and several different methods of observation 
(polarization, differential interference contrast, fluorescence, etc.) make it a powerful tool for the 
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analysis of polymeric surfaces. Also, optical microscopes can be more suitable to implement in situ 
observations of materials under load. Although optical microscopy can be limited to a narrow depth of 
field, the use of newer digital optical microscopes can circumvent this problem by capturing images 
that are fully focused in the field of view, but also provide 3D mapping and measurements of surface 
roughness without the interaction of a contact tool or electron beam with the specimen. 
 
2.3 Numerical representation of adhesive materials 
In order to describe the mechanical response of bonded joints using numerical methods, different 
options are currently available to describe adhesive materials [125,126]. Depending on the degree of 
accuracy desired, and available computational resources for a solution, different representations are 
available. These representations include, in increasing order of complexity, the use of tied contact 
surfaces, cohesive elements and lastly continuum formulations. 
2.3.1 Tied contact definition 
A tied contact [127–129], or Tie-Break element, can be best described as a spring joining two nodes, 
where each node belongs to a different body. The Tie-Break constrains how the bodies move relative 
to each other, and the mechanical response of the Tie-Break can be implemented in several different 
ways depending on the capabilities of the software. Typically, failure is defined as a function of normal 
or shear components or a combination of both [130]. In the case of adhesives, the Tie-Break is ideal to 
simulate debonding between two joined surfaces using very few computational resources. Although the 
Tie-Break provides benefits, mostly corresponding to ease of implementation and low computational 
demands, sometimes the physical response and behavior of the joint is not completely captured 
[131,132]. One good scenario to describe this is crack propagation. During crack propagation the first 
element in the crack front carries a significant portion of the load, once it fails that load is immediately 
passed on to the next element causing a sudden load increase that can immediately overload the element. 
This behavior will continue from one element to the next causing what is termed “numerical 
unzipping”. Depending on the code implementation this behavior can be addressed using a critical 
opening. Only when the displacement between nodes reaches a critical value the element is deleted 
preventing sudden changes in load. This type of element also lacks the inclusion of strain-rate effects 
since the defined strength value is independent of the strain rate that can be experienced by the element 
during the actual simulation.  
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2.3.2 Cohesive elements 
Cohesive elements have emerged as a more sophisticated implementation to overcome the limitations 
of the Tie-Break. This type of element can be described as a number of springs joining two surfaces 
[130]; three springs are included, one normal and two in the shear directions. Cohesive elements are 
implemented by defining an element between the joined surfaces and then assigning a material model 
to it [28,29,132–134]. The material definition typically requires properties that are dependent on the 
fracture behavior of the material. Specifically, the fracture toughness or energy release rate is required, 
but also a curve that defines traction in relation to displacement or separation [134]. The use of a 
cohesive element permits designers to link the energy absorbed during deformation with the volume of 
the material, which is directly linked with fracture mechanics principles. Also, using a traction-
displacement curve links the displacements with the initiation of damage in the material. Newer 
implementations can incorporate strain rate effects [132] and in certain cases try to emulate the 
irreversible effects of damage [135]. Damage can be introduced by enforcing loading and unloading 
paths that come from or point to the origin of the traction-separation curve [130]. This implementation 
of damage, although practical, can miss viscoelastic effects and non-linear behavior in the unloading 
response of an epoxy adhesive. 
2.3.3 Continuum formulations 
Solid elements paired with constitutive models are the more sophisticated solution to the numerical 
representation of materials when compared to the contacts or cohesive implementation. Their 
mathematical formulations incorporate concepts from continuum mechanics that allows them to capture 
many more nuances of a material response to load. This numerical representation of materials can 
describe linear-elastic-plastic behavior, viscoelasticity, and viscoelastic-plastic behavior. In addition, 
the implementation can include different options that allow them to capture asymmetric yield behaviors 
(i.e. dependence with type of loading) [30], but also represent anisotropy, viscoelasticity [136], strain 
rate effects [137] and failure. More advanced constitutive models [138–140] incorporate concepts from 
damage mechanics [141] or void nucleation and propagation [142,143] to modify the mechanical 
response of the material with load. Damage mechanics principles can also be used to trigger damage 






2.4.1 Concepts in damage mechanics 
Engineering materials subject to mechanical loading undergo microstructure changes. At some point, 
these changes can impair the mechanical response, and it can be said that the material is “damaged” 
[141]. Damage can be viewed as a progressive physical process on two different scales that ultimately 
ends when the material breaks. At the micro-scale level, damage is concerned with stresses at interfaces 
and defects that lead to the breaking of bonds within polymers. At the next scale (~ 1 mm for polymers), 
damage is considered in terms of micro-voids and micro-cracks and describes the coalescing and 
growing of defects within a representative volume element (RVE) to ultimately initiate a crack. Once 
a detectable crack is formed, the material response can be described using fracture mechanics. As 
explained by Lemaitre [141]: the RVE must be small enough to avoid smoothing of high gradients, but 
large enough to represent an average of the micro processes. A more concise definition by the same 
author [44] states that a “representative” volume is the smallest volume on which a density may 
represent a field of discontinuous properties. The same work also defines the linear size of 
representative volume elements for different materials (Table 2-1). 
 
Material Linear size RVE 
Metals 0.05to 0.5 mm 
Polymers 0.1 to 1.0 mm 
Wood 1.0 to 10.0 mm 
Concrete 1.0 to 100.0 mm 
Table 2-1: Representative volume element (RVE) linear size [44] 
Damage (D) can then be interpreted as the creation of discontinuities within the material by the 
breaking of atomic bonds and/or the enlargements of cavities. These processes can be approximately 
quantified in two ways [141]: the area of all the flaws that intersect with a plane (Equation 2-1), or the 




Equation 2-1: Damage definition in terms of area 
 
Equation 2-2: Damage definition in terms of volume 
It follows from the previous definitions that damage is a scalar variable, and is bounded by 0 and 1, 
where D=0 is an undamaged material, and D=1, a fully broken material in two parts. In fact, failure 
generally occurs for D<1 through an instability process [141]. When the material is loaded, there is a 
point at which the applied stress in the material will induce rupture of the atom bonds, and this 
corresponds to some critical value of damage, at which crack initiation starts. When the damage is 
initiated, the micro-voids and cracks already present in the material must start to grow and coalesce. 
This point not only corresponds with some level of stress in the material but also must correspond with 
some level of strain; below this strain threshold (εD) there is no damage (Equation 2-3). 
→ 0 
Equation 2-3: Strain threshold for damage initiation 
Our understanding of loads in materials comes from the general concept of stress, which is the force 
divided by the nominal area in which the load is applied (Equation 2-4).  
 
Equation 2-4: Definition of stress 
In this concept it is assumed that the material is a continuum with no flaws, correspondingly, we can 
include the damaged area in the surface by defining the effective stress (σe) as: 
 
Equation 2-5: Definition of effective stress 






Equation 2-6: Definition of effective stress in terms of damage 
In polymers, the damage occurs when the bonds between chains are broken [141], which can be caused 
by the relative movement of the chains due to translations or rotations. In both cases, as damage is 
increased, the elastic properties are directly influenced by the damage. Since the number of bonds has 
decreased, changes in the modulus of elasticity could be measured. Then using the definition of 
effective stress and Young’s law, we can define the elasticity modulus of the damaged material, ED, as: 
1  
Equation 2-7: Damage in the elasticity modulus 
The previous expression could be derived through the strain equivalence principle[141]: any strain 
constitutive equation for a damaged material may be derived in the same way as for the undamaged 
material except that the usual stress is replaced by the effective stress. 
Since the areas of resistance decrease, damage also influences plastic strains. Therefore the plastic 
modulus can be defined in the same manner. It must be noticed that damage can start before strains 
reach the plastic region. 
2.4.2 Measurement of damage in materials 
Measurement of damage in materials can be separated into two distinct areas: first, direct observation 
of the affected surface or volume and second, indirect measurements from the mechanical response of 
the material [44,141].  
Direct observation of damage consists of defining the surface density of micro-cracks and cavities in a 
plane by visual inspection with the use of micrographs. The inspection can be done manually or with 
the aid of image analysis tools such as segmentation [151]. However, this type of measurement can be 
inaccurate due to the irregular shapes contained in the image and can lead to artifacts and errors in area 
measurement [124,152]. Furthermore, sample preparation may affect the observed area. Current 
advances in X-ray tomography techniques allow for direct measurements in the actual volume of the 
material [40] without the need for sample destruction. Unfortunately, this type of equipment is 
expensive, not necessarily available, and may require long duration of exposure during scanning which 
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can heat the sample and alter the microstructure. Also,  the scanning of low absorbent polymeric 
materials is challenging due to the low attenuation in the X-rays necessary to construct the image, which 
can affect the final image quality [40]. 
Indirect methods take advantage of measuring some physical quantity that is directly affected by 
damage in the material. In this case, the techniques can be destructive or non-destructive. Among these 
techniques, the following are the most relevant: 
 Measuring changes in modulus of elasticity [44]. This technique is the “gold standard” for 
measuring damage and has been used to test a variety of materials: concrete [153], 
metals[154,155], polymers[45] and composites [156,157]. However, it requires extensive 
testing to obtain statistically relevant data over the expected range of strain. 
 Measuring changes in properties that depend on the density of the material, for example: 
o Changes in resistivity [44] 
o Changes in wave speed propagation (acoustic techniques) [44,153,158] 
 Measuring changes in physical properties of the material, such as: 
o  Changes in microhardness [44,96,159] 
o Changes in material transparency to infrared radiation [42,43,160], or light 
transmission. Schirrer et al. [41] used laser light transmission to identify damage in 
polymethyl methacrylate (PMMA). However, the technique is limited to translucent 
materials and can only be applied to a small area in the material at a time.  
 Measuring the dilation of the RVE using the strain field [46,161,162]. This method was initially 
developed by video measuring strains in the material but the application of more modern 
techniques that can define the entire strain field in the material surface, such as digital image 
correlation [163], virtual fields method [164] or Sigma-epsilon-epsilon-dot method [165], can 
improve the accuracy of the results. Although damage measurements with DIC can be of high 
quality (comparable to direct CT-scan measurements) and useful to test at different rates of 
strain[166], the implementation relies on the results of the image correlation. The accuracy of 
the image correlation, and therefore the measured strains, can be impacted by a number of 
factors such as the applied speckle pattern [167,168], image resolution, optical distortions and 
out of plane motions [169,170]; as well as intrinsic systemic errors such as high order 
interpolations [171]. Additionally, DIC analysis can be limited by decorrelation at large 
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deformations (e>20%) [172,173] or from temporal under-sampling of a rapidly evolving 
phenomena [174]. 
 Surface pictographic analysis of materials has also been used to conduct measurements of 
damage taking advantage of the crazing phenomena, Luo [175,176] demonstrated a procedure 
in which the morphological changes in translucent PMMA (presence of micro-cracks in the 
material surface) were successfully quantified to determine damage, but the measurement 
requires an elaborate microscope setup and highly specialized computer subroutines were 
necessary for identification and measurement in the images. 
2.4.3 Implementation of damage in numerical models 
Damage is implemented in the constitutive representations of materials in different manners. Cohesive 
element implementations try to emulate the irreversible effects of damage [135] by enforcing loading 
and unloading paths that come from or point to the origin of the traction-separation curve [130]. 
However, damage data can be used to drive improvements in this approach.  In constitutive materials 
coupled with solid elements, the simplest implementations use damage data to modify the material 
response. This is typically accomplished by implementing the strain equivalence principle. The 
principle is used to modify the modulus of elasticity of the material (Equation 2-7) or the stress response 
(Equation 2-6) if necessary. For example, SAMP-1 [30] uses this methodology to implement damage 
response in the constitutive equations to describe material changes during unload. Other models 
(Gurson RC-DC [142], Huang [139]) rely on complex formulations in which the damage rate is 
described by a mathematical function dependent on parameters such as critical strain to initiate damage, 
the current state of stress, initial amount of voids and other parameters that can be used to 
mathematically describe damage evolution with load. The calculated damage is then used to modify 
the stiffness tensor or the stress tensor as required by the load state or by specified conditions that 





 Mechanical Response and Constitutive models to Model Bulk 
Adhesive Response in Tension and Shear Loading 
This chapter is based on the following published paper: 
Trimiño L, Cronin D. Evaluation of Numerical Methods to Model Structural Adhesive Response and 
Failure in Tension and Shear Loading, Journal of Dynamic Behavior of Materials, March 2016, 




Improved energy efficiency in transportation systems can be achieved with multi-material lightweight 
structures; however, joining often requires the use of adhesive bonding and design efforts are 
challenged by the paucity of data required to represent adhesives in numerical models. The data for 
three epoxy structural adhesives tested in tension and shear over a range of strain rates (0.001 to 1000 
1/s) is reported. The range of experimentation addresses normal operation and extreme conditions 
(crash scenarios) for vehicles. The data was implemented with cohesive and solid elements, and the 
models were assessed on their ability to reproduce adhesive material response.  
Good agreement was achieved using both approaches. In average the coefficients of determination (r2) 
between measured experimental response and simulations were 0.81 for tension and 0.59 for shear, 
with 2% difference in the prediction of stress at failure. The cohesive formulation was computationally 
efficient and reproduced rate effects, but was limited in representing the response of the non-toughened 
epoxy. The solid element formulation required longer simulation times but yielded similar accuracy for 
tension (2% difference in stress to failure and r2 values of 0.98, on average). However, the shear 
response accuracy (r2=0.53) was reduced by coupling between shear and tension strain rate effects. 
Numerical simulation of structural adhesives requires constitutive models capable of incorporating 
uncoupled deformation rate effects on strength. The results of this study indicate that a cohesive model 





3.2 Introduction and background 
Increasing requirements for improved energy efficiency in transportation systems have led to the 
introduction of lightweight materials and multi-material structures. These structures have been enabled 
by the use of adhesives for joining. Traditional joining methods such as fasteners or welding restrict 
the use of dissimilar materials and/or thin gage components that are key to producing light weight 
structures[177,178].The adoption of adhesive joining not only reduces the overall weight of the 
structure; but also provides joints that are continuous and therefore stronger with reduced stress 
concentrations [51]. Although joining with structural adhesives is currently in use by some automobile 
manufacturers[178,179] and bonded structures have been tested under operational conditions[180–
184]; a major obstacle to incorporating adhesive joints in designs is the lack of appropriate data to 
characterize and represent adhesive joints in numerical models and simulations to support Computer 
Aided Engineering (CAE) [89]. Incorporation of adhesive joints in numerical models can be undertaken 
with relatively simple implementations using tied nodes between the adherends and a critical stress 
criterion, to the more comprehensive, cohesive element and solid element constitutive models. These 
representations vary in complexity and the amount of data required for implementation, with 
corresponding requirements for mechanical testing. The required properties can range from simple 
strength values to full traction-separation curves, and the incorporation of deformation rate effects. 
Typically, strain-stress curves for tension, compression, and shear at different strain rates; values for 
fracture toughness in Modes I and II, traction-separation behavior, damage response and strain to failure 
are required. Mechanical properties in adhesives are generally measured using bonded joints subjected 
to uniaxial tension, or peal [185] or by using thin lap shear tests [186]. 
Measuring the mechanical properties of adhesives can be undertaken using many different methods; a 
search of the ASTM standards [187] for the mechanical testing of adhesives identified 517 documents 
pertaining to testing, out of which 94 are different active standards. These standards include 15 different 
test protocols for adhesion, 24 for tension; 8 for compression; and 15 different tests for shear. Generally, 
these tests require the preparation of a bonded specimen and subsequent testing in order to measure the 
desired mechanical property. Unfortunately, many of the configurations produce results that are 
influenced by the adherend material stiffness, strength, and joint geometries [188] resulting in stress 
concentrations and complex modes of loading [189] affecting the measured properties [190]. The 
variability in measured results can be observed in published data for adhesive testing using lap-shear 
and T-peel test [191,192].  
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Untoughened epoxy adhesives typically exhibit relatively high strength at failure (≥70 MPa), low strain 
to failure (≤0.1) [21] and low fracture toughness (~0.4 J m-2) [28,73,83,193–195]. Toughened epoxy 
formulations incorporate a second toughening phase, typically butadiene or another polymer (EPM, 
ABS, polyolefins) [73,196,197], and demonstrate increased ductility (≥0.1 mm/mm at failure) and 
fracture toughness (≥ 1.5 J m-2). This type of adhesive is ideal for applications where the bonded joints 
are required to maintain integrity under high deformation, which is generally the case in 
crashworthiness scenarios for transportation systems. Crashworthiness and other load case scenarios 
result in a range of deformation rates, and under such conditions, it is vital to consider strain rates 
effects in the constitutive model. In particular for adhesives, the literature reports changes in the 
mechanical response; typically increase in the stress to failure and decrease in the strain to failure 
[17,22,47,184,198–200], and in some cases changes in modulus of elasticity. Conflicting information 
is reported for fracture toughness. In some instances, increases with strain rate have been reported 
[201,202] while others have found that there are no noticeable changes [195], and still, others report 
decreases with increasing strain rate [203–205]. Many different constitutive models can be used for 
modeling adhesives, ranging from simple elastic models, metal plasticity models, and viscoelastic 
models [24,27,125]. Failure is often incorporated using a critical stress or fracture toughness criterion. 
Three common numerical implementations include: directly tied nodes with a critical stress failure 
criterion or crack opening displacement approach to predict failure, cohesive element formulations 
incorporating traction separation curves and material toughness, and solid continuum element 
formulations. Simple implementations involving tied nodes, although numerically efficient and 
requiring very little information for implementation, are known to be problematic due to numerical 
instabilities (often termed unzipping). Although the incorporation of a damage criterion can mitigate 
this issue, deformation rate effects are generally not considered in this approach. Further, this approach 
can misrepresent the joint stiffness, which is determined from the adherend materials and not from the 
adhesive itself. In recent years [29,132], advances in cohesive element formulations have incorporated 
traction-displacement curves to provide a better description of the material response to load and fracture 
mechanics concepts to predict failure. Cohesive elements allow for progressive failure in ductile 
adhesive materials, avoiding the numerical instabilities that are generally observed with tied nodes. In 
addition to incorporating Mode I (pure tension), Mode II (pure shear) and mixed-mode response, recent 
cohesive formulations [132,206] include strain rate effects and are numerically efficient. Discretization 
using solid continuum elements and an appropriate constitutive model is considered to be the most 
accurate representation of an adhesive joint if the finite element size is sufficiently small. This approach 
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can require a large number of elements, making it computationally expensive. Constitutive models for 
use with solid elements include: elastic with failure, metal plasticity models, plasticity models with 
strain rate effects, viscoelasticity and continuum damage models. In general, these models require a 
relatively large of material properties and data to accurately represent the adhesive joint. Limitations 
include a lack of accounting for rate effects, material asymmetry and prediction of failure. For example, 
an elastic model with failure can predict the elastic response of the material but fails to describe the 
damage in the material. Metal plasticity models can incorporate strain rate effects and damage but often 
rely on von Mises or other yield criteria applicable to metals to link the tensile response to the 
compression or shear response, which can be inaccurate for many polymeric materials. Although 
traditional viscoelastic models account for deformation rate effects, most do not incorporate a 
description of material damage and failure. Some constitutive models, such as the Semi-Analytical 
Model for Polymers (SAMP-1) [30] have been developed specifically for polymers, incorporating 
tension, shear, and compression behavior separately, along with deformation rate effects. 
Modeling of structural adhesives is widely discussed in the literature [24,27,125,126,207,208]. Simple 
representations starting with the use of beam elements to represent the substrate coupled with iso-
parametric elements to represent the adhesive was successfully implemented by Wu [209] to generate 
the stress distribution of different type of joints. Van Hoof [210] used tied nodes between surfaces to 
represent adhesive joints in the analysis of delamination in composite materials. These simplified 
methods can be useful to get insight into general behavior in joints under load and in some cases to 
provide stress distributions, but prediction capabilities are limited due to the limited information that 
these models require (i.e., stresses to failure). For example, behaviors that depend on the true stiffness 
in the joint can be biased since the stiffness of a simple tied contact is generally assumed in the 
implementation [130] and is arbitrarily independent of the true stiffness of the adhesive itself. In 
contrast, highly sophisticated user defined materials have been used successfully to describe bulk 
material behavior under linear elastic conditions, strain softening or strain hardening effects, and to 
predict the effects of strain rate dependency or the effects of damage in the unloading phase 
[14,126,211]. Although these models can be highly accurate, they require the use of element 
formulations with refined meshes that are computationally expensive; calculation times can be 
prohibitive and impractical, e.g., analysis of a complete vehicle [182]. Cohesive elements have been 
used successfully to accurately describe joint load response and predict the crack propagation of bonded 
joints in Mode I load conditions [212–214] and in mixed mode loading scenarios [28]. Even though 
limitations in regards to rate dependencies have been partially addressed [29,132,201,206], other 
 
 30 
limitations in cohesive formulations, as identified by Needleman [215] include size effects and the 
dependence of material parameters on deformation rate. Success in modeling structural adhesives is not 
only limited to the reproduction of experimental coupons; but also at the structural level 
[7,182,216,217] under quasi-static and impact loads with good agreement for predicted loads, 
deformation patterns and modes of failure between simulations and experiments. The techniques have 
also been used in the analysis of complex joints such as the interface between welds and adhesive 
materials in hybrid joints [218]. Regardless of the numerical implementation used for the analysis of a 
bonded joint or a bonded structure, the analysis using numerical methods is not possible without 
mechanical properties that can describe the adhesive material response. The minimal requirements 
being the uniaxial tension response or/and pure shear data.  
In this study, the mechanical properties of three structural epoxy adhesives (DP-460NS, SA-9850 and 
EC-2114, 3M Limited, Canada) were measured. The testing was undertaken using bulk material at 
different strain rates under tension (0.0001 to 1000 1/s) and using thick adherend lap shear samples 
(0.005 to 50 1/s) to measure the shear properties. This study aims to provide much required mechanical 
data and an understanding of available numerical implementations for modeling structural adhesive 




Three commercial structural adhesives were investigated, a traditional non-toughened epoxy, and two 
toughened epoxies. The non-toughened material was a single part epoxy (EC-2214, 3M Limited 
Canada) [191,219] with a small percentage of a synthetic elastomer (1 to 5% per weight). The material 
was cured for an hour at 120 °C. This adhesive was designed to bond metals and high temperature 
plastics. The second adhesive was a two-part structural epoxy base in a phenolic resin and modified 
with acrylonitrile butadiene (CTNB) for enhanced strength (7 to 13% per weight) (DP-460NS, 3M 
Limited, Canada) [192,220]. The manufacturer data sheet shows that best performance is obtained with 
a curing cycle of 2 hours at 70°C. The last material (SA-9850, 3M Limited Canada) [221] was described 
by the manufacturer as one part impact resistant adhesive formulated for bonding contaminated or 
unprepared steel and aluminum materials. From the data sheet, a curing cycle of 1 hour at 170°C was 
selected. The materials considered, permit to compare a typical epoxy adhesive (EC-2214), an adhesive 
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with enhanced toughness (DP-460NS) and one that was specifically designed for impact resistance 
(SA-9850).  
3.3.2 Tensile testing 
Specimens were extracted from cast adhesive sheets 3 mm in thickness by machining. The coupon 
geometry has been used previously for high deformation rate tensile testing [222] and was used for the 
current study so that the same sample geometry could be used over a wide range of deformation rates 
and maximized the number of samples that could be machined from the cast material [223]. This 
specimen geometry has been compared to the ASTM type V sample and has provided similar results 
for metals [222,224]. To ensure that this geometry would not introduce artifacts, results of coupon 
tensile testing at low strain rates were compared with the ASTM type V geometry [223] for the uniaxial 
testing of polymers. It was found that the critical values (stiffness, yield strength, strain to failure) were 
in good agreement for both test geometries. 
Materials were tested at quasi-static strain rates (0.001 to 0.7 1/s) using a hydraulic test frame (Instron, 
Model 1331) in conjunction with a dynamic extensometer (Instron, Model 2620-601) and a load cell 
(Strain Sert, model FL25U-2DG). At the intermediate strain rates (10 to 100 1/s), a hydraulic frame 
equipped with a quartz piezoelectric load cell (Kistler model 9321B) and charge amplifier (Kistler type 
5010B) was used to measure force. Digital Image Correlation (DIC) [163] was used to measure 
specimen deformation (VIC-2D [225]) with images captured using a high speed camera (Photron 
Fastcam SA-4) and LED light source (AADYN Technologies, Jab Bullet model). At high strain rates, 
1000 1/s or higher, a Tensile Split Hopkinson Pressure Bar was used (Figure 3-1). All testing was 
conducted at room temperature. 
 
 
Figure 3-1: Experimental set-up (a) Quasi-Static, (b) intermediate range and (c) high strain rate 
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3.3.3 Shear testing 
The adhesive shear properties were measured using thick lap shear specimens (TLS), based on the 
ASTM D5656 standard [226]. The samples were constructed by bonding two 3 mm thick steel 
substrates (SAE 1018 HR) 16mm in width and 25.53 mm in length. The two pieces overlap by 5.8mm 
to create a 1mm thick adhesive joint, and a fixture was used to maintain the geometrical dimensions of 
the bond during the curing process. The specimens were used to obtain the shear response of the 
adhesive; since the adherends were quite rigid compared to the adhesive, it was assumed that the results 
correspond to those of the bulk material since cohesive failure was present during the test. 
The coupons were tested over strain rates ranging from 0.005 up to 50 1/s; and were performed using 
a hydraulic test frame in conjunction with a load cell (Transducer Techniques, model SWP-20K) and a 
Linear Variable Differential Transformer (LVDT) (Omega, type LD-320-7.5) mounted on the sample 
to measure displacement. Custom offset grips were used to maintain the alignment of the sample with 
the applied load and minimize the introduction of bending moments during the test. Imaging of the test 
and post-test sample analysis confirmed that there was no misalignment and that the setup did not 
introduce any measurable bending in the test sample. 
3.3.4 Adhesive modeling and CAE implementation 
The ability to model the mechanical response and failure of adhesive joints is essential for integration 
into the design process. One challenge in modeling adhesive joints is the small thickness of the adhesive 
bond, resulting in relatively small elements. For example, vehicles and substructures are often modeled 
with elements on the order of 3 to 5 mm in dimension; whereas a typical bond thickness may be 0.15 
mm leading to a significant reduction in time step and increased computational cost for solid continuum 
elements. A second challenge is the level of detail in the material or constitutive model, which 
determines the mechanical properties that must be measured as inputs to the model. To address the 
large number of possible combinations, three approaches in order of increasing complexity and 
computational cost were identified for investigation in this study: tied nodes, a cohesive zone model, 
and a continuum model. 
A computationally efficient approach to modeling adhesive joints is a simple tied interface, where 
nodes on adjacent adherends are tied to one another and failure is predicted through the use of a stress-
based criterion [27,227,228]. Although this method is very computationally efficient and some 
implementations include apparent ductility of the adhesive through a prescribed displacement 
corresponding to fully damaged material, this method does not incorporate the actual bond thickness 
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or adhesive elastic response and can be prone to numerical instability [210]. Further, available 
implementations in a commercial explicit finite element code (LS-Dyna, LSTC) did not include 
deformation rate effects, bond thickness, or the compliance of the adhesive. Initial studies identified 
these aspects as a significant limitation, and this formulation was not pursued further. 
Cohesive zone models (CZM) provide a computationally efficient, albeit incomplete, formulation to 
represent two important modes of loading on an adhesive joint: tension and shear. Further, the adhesive 
bond thickness is included as is the compliance of the adhesive. In this study, a cohesive element 
formulation incorporating tensile, shear, fracture and damage properties was investigated [132]. 
Importantly, this implementation also included deformation rate effects and an interpolation to consider 
mixed-mode loading. The measured parameters included the tensile traction displacement curve, the 
shear traction displacement curve, Mode I fracture toughness, and deformation rate effects in tension 
characterized by an increase in material strength with increasing deformation rate. The Mode II fracture 
toughness was not directly measured and was determined from the shear tests as described in the 
methods section. 
Continuum approaches incorporating solid elements have been used to investigate stress gradients in a 
joint and can aid the design engineer to understand the adhesive performance in a particular joint 
configuration[7,208], but are not often used for large structures due to the high computational cost. 
Specifically, multiple elements are required through the small thickness of the adhesive leading to a 
large number of elements and increased solution time for a given model. A continuum approach 
requires a constitutive model to describe the material response, often providing stress as a function of 
strain history and strain rate. There are many material models that may be considered, and the use of a 
particular model is dictated by the sensitivity of a material to deformation rate, damage, and mode of 
loading. Classes of materials investigated included: elastic, viscoelastic, viscoplastic, metal plasticity, 
and polymer-specific models. In general, the experimental test results determined that the constitutive 
model was required to incorporate elastic response, damage or plastic response, deformation rate 
effects, asymmetry in tension and compression, and shear response. Although many different models 
exist with some or all of these aspects, noted limitations included incorporation of deformation rate 
effects, the asymmetric yield surface [229], and the general ability to fit the wide range of data available 
from the experimental tests. Following an investigation of several different models, the Semi-Analytical 
model for Polymers (SAMP-1) constitutive model developed by Kolling et. all [30] and implemented 
in a commercial finite element solver (LS-DYNA) [230] code was identified for use in the current 
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study. The SAMP-1 model incorporates specific stress-strain curves for different modes of loading 
(tension, shear, and compression) and incorporates strain rate effects. 
3.3.5 Implementation of experimental test data in constitutive models 
Multiple tests were undertaken for each mode of loading and deformation rate; the experimental data 
was used in whole or in part as required to implement the various constitutive models used in this study. 
In the case of the cohesive element, the models required strength data as a function of strain rate; this 
information was extracted from the experimental test data by cross-referencing stress at failure against 
strain rate. The strain rate effects were described with the use of a log-linear model. Mode I fracture 
toughness was measured by the manufacturer using the tapered double cantilever beam tests [231] and 
the average value from the measurements[221] was used in the cohesive constitutive model. Mode II 
data was first approximated using an expression (Equation 3-1) that relates the maximum shear strength 
(τ) with the displacement at failure (δfail), the area under the normalized shear stress-strain curve (ATSC) 
and the energy release rate. In the case where no shear data is available, the value of Mode II energy 
release can be approximated as 2 to 10 times the Mode I value [232,233]. In cases where the initial 
Mode II approximation (Equation 3-1) did not predict the material strain to failure accurately; the value 
was recalculated using an inverse method. The method consisted in varying the Mode II value until the 
response of a single element in pure shear at the lowest strain rate followed that of the experimental 
data and there were no differences in strain to failure. Cohesive elements require a curve to describe 
the traction separation response in the material, the literature [213,233–236] suggest the use of bilinear 
or bilinear with plateau curves; although some authors have claimed that the shape does not have a 
significant effect on the response [213]. The traction separation curve was determined by normalizing 
the shear response at the lowest strain rate. The normalization process consisted of dividing the 
measured curve by the maximum measured stress and strain values respectively in each axis to obtain 
the normalized traction-displacement curve. 
≅  
Equation 3-1: Energy release rate for mode II [81] 
In the case of the implemented solid formulation and constitutive model (SAMP-1), the model required 
true stress as a function of plastic strain to define the material response for tension and shear. For the 
tensile tests, the measured experimental stress-strain data for each specimen at each strain rate was 
processed as follows. The elastic (linear) region was identified, and the elastic modulus was determined 
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for each test. The end of the linear region (yield strength) was identified with the aid of Equation 3-2 
to determine when the plastic strain was greater than zero, using the modulus measured in the linear 
region of the response. The stress-strain response was then separated into elastic and plastic components 
(Equation 3-2) and the resulting plastic strain versus stress data was fit using an empirical relationship 
between stress and strain (Equation 3-3), which resulted in good quality fits and coefficients of 
determination (e.g., r2> 0.95). Finally, the plastic strain-true stress curves were averaged in a point-wise 
manner (Equation 3-4), and the strains at failure were determined from averaging the failure strains for 
all the tests, denoted by the counter i, at a particular strain rate, denoted by the counter j (Equation 3-
5). The same procedure was followed with the shear data, although in this case, a polynomial curve 
type fit (Equation 3-6) was more appropriate (r2> 0.90). It is worth noting that the described procedure 
was successful at preserving the integrity of the physical response in the material, which was not the 
case when all the available data for a single strain rate was curve fitted into a single expression. 
 
 
Equation 3-2: Strain decomposition 
∗ sinh  








Equation 3-5: Strain to failure in the average curve for a particular strain rate  
⋯  
Equation 3-6: Mathematical expression for curve fitting in shear 
Additionally, both models require values for modulus of elasticity in tension, in shear, density and 
Poisson’s ratio. This information was readily available from the manufacturer and was verified in the 
experimental tests.  
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3.3.6 CAE modeling 
Single element simulations were used for a first level assessment of the constitutive models. In these 
simulations, the boundary conditions were implemented to obtain pure tension and pure shear (Figure 
3-2). In the second stage of this implementation, the actual test samples used in the experiments (TSHB 
and TLS) were simulated and subjected to the same loading as the experimental test conditions. The 









3.4.1 Experimental test results 
The tensile and shear test results showed that all three adhesive materials demonstrated significant strain 
rate sensitivity for both tension and shear modes of loading. Figure 3-3 describes a data set from the 
testing showing strain dependency for one of the materials in tension as well as the relative strength 
between all three adhesives under quasi-static loading. The complete set of experimental results and 
material properties is provided in Appendix A 
 
 
Figure 3-3: Selected test results for tension in three structural adhesive materials 
The dependency of material ultimate strength on strain rate for both tension and shear (Figure 3-4) was 
quantified by fitting a log-linear curve (Table 3-1). In metallic materials, the strain rate effects are 
typically log-linear [237] [82], but for these three polymeric materials, a non-linear fit may provide 
improved coefficients of determination. Non-linearity has been reported in the literature [90,92,198] 
for polymers and epoxy adhesives. However, a linear fit was required for the cohesive constitutive 
model implementation. It was noted that variability in the data contributed to lower coefficients of 
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determination and should be investigated in future studies. The EC-2214 and DP-460NS adhesives 
demonstrated the highest dependence on strain rate, based on the coefficient of the log-linear curve fit 
to the tensile strength data.  
 
 










EC-2214 3.06 ln( ) + 83.46 0.66 1.88 ln( )+ 41.78 0.68 
DP-460NS 3.45ln( ) +62.87 0.88 1.02 ln( ) +29.27 0.66 
SA-9850 2.68 ln( ) + 46.75 0.82 0.38 ln( ) + 26.36 0.06 
Table 3-1: Linear models for tensile and shear strength from Figure 3-4 
The shear response was different for each material as described by the stress-strain curves. In shear, the 
strain rate effects on the shear stress to failure were relatively small for DP-460NS while an increased 
sensitivity was noted in the curve fit for both EC-2214 and SA-9850 below strain rates of 50 1/s. The 
three materials also showed slight changes in modulus of elasticity with strain rate (Table A1-1, Figure 
A1-1), where the modulus of elasticity was determined following the procedures described by the 
ASTM E-11-04 standard [238]. These changes in modulus were not incorporated in the numerical 
models but should be investigated in future studies. 
3.4.2 CAE Implementation 
3.4.2.1 Cohesive zone model 
The cohesive element formulation was implemented using the measured data from the tension and shear 
tests to describe the strain rate effects on the strength of the material (Table 3-1). Also, the modulus of 
elasticity and shear modulus used matched those published by the manufacturer and confirmed during 
the experimental testing (Table A1-2). The required fracture toughness values in Mode I and Mode II 
were obtained from the manufacturer or the literature, or as previously explained any values not directly 
available were determined by matching the response of the cohesive model using a single element, to 
that of the measured data in the experiments. The complete sets of parameters for the cohesive models 
as implemented in a commercial finite element code (LS-DYNA) can be found in Tables A2-1 to A2-
3 in section 2 of Appendix A. The material properties were defined in the mm-sec-tonne-Newton unit 
system [130], commonly used in vehicle and structural models.  
The response of the cohesive model using a single element was compared to the experimental results 
for the individual strain rates measured during testing (Figure 3-5). In general, the CZM demonstrated 
good prediction of stress at failure. The results also showed excellent agreement in the elastic regime; 




Figure 3-5: Single element simulations results, CZM 
determination (r2) value was calculated between the simulation response and the average stress-strain 
curve of the material for each of the strain rates tested. In general, there was good agreement between 
the models and the experimental data for both tension and shear loading; the calculated regression 
coefficients had a high value, typically around 0.8 under tension. The average value for shear loading 
was much lower (r2=0.59), attributed to the poor fit at higher strain rates between the average shear 
curve and the model response. At low strain rates, the calculated r2 values were much higher (~0.9). 
Differences in the prediction of failure stress were 1.5% on average for tension and 2.39% for shear 
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(Table 3-2) in the cohesive model; and for each individual case, the predicted stress value at failure was 
generally within one standard deviation of the experimental data average value. Tables A3-1 to A3-6 
(Appendix A, section 3) contains all the metrics for each of the simulations to calculate the averages 
presented in Table 3-2 for the cohesive model (stress at failure, the standard deviation of experimental 
data, measured error, and r2). In a few cases, the difference was higher, around 12%, but this was due 
to the differences between the curve fit used to predict the strain rate effect on the stress and the average 
stress value calculated from the available data points at those particular strain rates. 
After the single element verification, the cohesive model was further investigated with the TLS 
geometry using rigid elements to represent the adherends. The response of the TLS models was 
identical to those of the single element simulations for DP-460NS, the same result was observed for the 
other two adhesives. 
3.4.2.2 Continuum model 
The response of a continuum model using solid elements using the SAMP-1 constitutive model was 
evaluated using single element models and with simulations of the TLS and TSHB geometries. During 
the tensile single element simulations, all cases showed good agreement between model and 
experimental data although there was a small difference in the predicted plastic behavior, which 
increased with increasing strain rate. Even though in the implemented model the stress during the plastic 
deformation was slightly lower than the measure (Table 3-2, Figure 3-6). 
One specific assumption in the SAMP-1 model is that the material behaves linear elastically until yield, 
defined as the departure from linearity. Further, the model predicts the departure from the linear-elastic 
region of the material to occur at the strength corresponding to the lowest deformation rate provided 
(i.e., the first strength value of the plastic curve with lowest strain rate in the implementation) and did 
not initially follow the strength versus plastic strain data provided. In essence, the model uses the first 
yield from the lowest strain rate curve and then interpolates the plastic behavior using the provided 
curves at different deformation rates. This caused the differences noted in the transition region from 
elastic to plastic behavior.  
In the shear loading cases, at low strain rates (~0.005 1/s), the simulation response was in very good 
agreement with the actual elastic and plastic response from the test data (<2% difference in maximum 
stress value, see Tables A4-1 to A4-6 in appendix A for each case results). In addition, the regression 
coefficients between the experimental data and the simulation were higher than 0.90, but as the strain 
















EC-2214 4.08 0.70 1.90 0.53 
DP-460NS 0.18 0.91 1.58 0.61 
SA-9850 0.00 0.83 3.68 0.64 
Overall 1.42 0.81 2.39 0.59 
SAMP-1 
model 
EC-2214 4.03 0.96 22.64 0.43 
DP-460NS 0.61 0.99 14.61 0.55 
SA-9850 1.23 0.98 3.00 0.61 
Overall 1.96 0.98 13.42 0.53 
Table 3-2: Model summary response metrics in single element simulations 
coefficient diminished in all cases (<0.5). It was noted that the SAMP-1 model used the tensile strain 
rate sensitivity to scale both tension and shear loading response. In case of shear loading, the strain rate 
was calculated using the von Mises flow rule [30], linking the applied shear deformation to the provided 
uniaxial tension curves and hence did not accurately represent the strain rate effects for shear loading. 
Further verification of the SAMP-1 model was pursued using simulations of the tested samples (i.e., 
tensile sample and thick adherend lap shear). In both cases, a mesh convergence study was performed. 
Convergence was evaluated using the stress-strain response, element stress in a selected region, as well 
as the measured modulus of elasticity and shear modulus. From the study results, it was determined 
that elements between 1.5 mm and 1mm in characteristic length provide a converged solution for the 
tensile coupon while a smaller size (0.25 mm) was required for the TLS. The mesh size in the TLS 
model was constrained by the 1mm adhesive bond used in the actual experiment, at least 3 elements 
across the joint thickness are recommended when using single integration point elements to capture any 
possible bending effects and the resulting stress gradient [27]. 
 
Further verification of the SAMP-1 model was pursued using simulations of the tested samples (i.e., 
tensile sample and thick adherend lap shear). In both cases, a mesh convergence study was performed. 
Convergence was evaluated using the stress-strain response, element stress in a selected region, as well 
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as the measured modulus of elasticity and shear modulus. From the study results, it was determined 
that elements between 1.5 mm and 1mm in characteristic length provide a converged solution for the 
tensile coupon while a smaller size (0.25 mm) was required for the TLS. The mesh size in the TLS 
model was constrained by the 1mm adhesive bond used in the actual experiment, at least 3 elements 
across the joint thickness are recommended when using single integration point elements to capture any 
possible bending effects and the resulting stress gradient [27]. 
 
 




Figure 3-7: Simulation results vs. testing. Uniaxial tension (Top), Thick lap shear (Bottom) 
Figure 3-7 shows the stress-strain results for DP-460NS at three different strain rates (0.001, 0.77 and 
100 1/s) for tension and rates of 0.005, 0.5 and 50 1/s for shear. In all tension cases, the response of the 
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SAMP-1 model was adequate, properly predicting the elastic response, the stress to failure as well as 
providing a good approximation to the transition between elastic and plastic behavior.  
The implemented strain to failure criteria in the model was close to the specified parameters (below 
13% error, Table 3-3). The TLS simulation presented the same type of limitations noticed in the single 
element simulations. That is, a good response at low strain rates, but a departure from the measured 
behavior at higher strain rates. Simulations for SA-9850 and EC-2214 materials using the testing 
geometries was not pursued. 
 























0.001 3.93 N/A 0.97 0.005 4.53 N/A 0.89 
0.77 5.90 5.07 0.92 0.5 10.59 N/A 0.65 
100 2.36 17.07 0.93 50 15.37 N/A 0.05 
Table 3-3: SAMP-1 simulations results for experimental geometries 
 
3.5 Discussion 
3.5.1 Experimental testing 
Three different epoxy adhesive materials where tested under uniaxial tension using bulk samples and 
under shear loading using a thick lap shear sample geometry across a range of strain rates. The 
experimental results were of good quality, but some challenges were identified during high strain rate 
testing. Under tensile loading using the Split Hopkinson Bar with the proposed geometry showed that 
the specimen was susceptible to non-equilibrium conditions. Even though the sample geometry is 
acceptable for testing metals, and impedance compatible aluminum bars were used; the sample gauge 
length was too long so that dynamic equilibrium was not achieved. Reducing the gauge length was not 
considered since previous testing has demonstrated the required reduction in length would not allow 
for uniform stresses to develop in the sample. The reported ultimate strength of the adhesive follows 
the trend from lower strain rates (Figure 3-4). Efforts are underway to investigate modifications to the 
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test using low impedance polymeric bars, pulse shaping techniques [239–241], or the atypical setup 
implemented by Rae [241]. 
Challenges were also noted with the shear testing at high strain rates, in this case, high frequency 
oscillation was identified in the response at strain rates of 50 1/s and higher, attributed to vibration in 
the test apparatus. To address this challenge, it is proposed that an alternate sample geometry (e.g., 
ASTM B831-14 [242]), be investigated. In general, most of the challenges identified were related to 
displacement or strain measurement while the measured load, particularly the maximum load, was 
found to be representative, since the differences between the calculated average stress at peak load and 










EC-2214 31.02 (ASTM D-1002) 31.82 2.51 
DP-460NS 24.82 (ASTM D-1002) 23.86 3.86 
SA-9850 19.00 (ISO 4587) 24.34 21.93 
Table 3-4: TLS results vs. manufacturer data 
The SA-9850 adhesive shear result from the manufacturer was lower, but the manufacturer data 
reported adherend failure. Hence the actual adhesive property will be higher. 
It is clear from the experimental data that all three materials were sensitive to strain rate for both tension 
and shear loading, exhibiting an increase in strength with increasing strain rate. To describe the effects 
of strain rate in the mechanical properties of these adhesives, the use of traditional log-linear models, 
as implemented for metals provided a reasonable fit to the data (Table 3-1). Previously, Nagai [198] 
demonstrated that the Cowper-Symonds model could be used to describe the effects on the compressive 
stress of DP-460 (a variant of DP-460NS as used in the current study), but over a limited range of strain 
rates (§ 100 1/s). 
A similar result was found for the data in this work. Out of the three materials tested, only DP-460NS 
showed an improvement in the correlation coefficient when the strain rate range was narrowed. This is 
partially due to the scatter in the data, and may also support the possibility of a non-linear relationship 




Figure 3-8: Equivalent tensile stress from shear stress against experimental tensile data 
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consider non-linear models; however, this was not investigated in the current study since the 
constitutive models used could only account for linear variation in strength with the log of strain rate. 
Other authors have also highlighted the importance of considering non-linear models when selecting 
constitutive models to represent polymeric materials [92,243]. 
Another important finding is that traditional yield criteria (e.g., Tresca or von Mises) that link tensile 
and shear properties are not applicable to the materials investigated in this study. For example, the shear 
response cannot be accurately predicted from the tensile data ( 
Figure 3-8), and the stress transformation (using von Mises theory) confirms that the strain rate effect 
is clearly not the same between the tensile and the shear data. As a result, complex concave yield 
surfaces may be required to adequately capture and predict the yield behavior under load [229]. More 
elaborate test apparatus (e.g., the modified Arcan [28,244]) that can subject the samples to mixed mode 
loading will be required to fully define the actual yield surface. 
3.5.2 CAE Implementation and evaluation 
Two constitutive models, a cohesive zone model and a continuum approach using solid elements, were 
implemented to describe the measured mechanical behavior of three epoxy adhesives. Although both 
models were capable of describing the material response under the considered load conditions, some 
limitations were identified. From the experimental testing, it was clear that the strain rate effects may 
not follow a log-linear relationship across the entire strain rate range; however, in cases where the range 
of strain rates encountered was limited to only a few decades, a log-linear description of strain rate 
effects was found to be adequate.  
Some authors have noted that [203,204,245,246] the energy release rate for a polymer can be strain rate 
dependent or that the shape of the traction displacement curve changes with the strain rate. In particular, 
for this work, the single element simulation for DP-460NS at higher strain rates other than quasi-static 
(0.77 and 100 1/s) in tension demonstrated that it was not possible to obtain a match to the experimental 
response unless either the energy release rate was increased or the traction curve was modified. 
Although the cohesive model considered in this study allows for energy release rate to depend on the 
deformation rate, there was no experimental data to support the incorporation of this in the present 
study. Although the individual response under tension and shear was very good, further investigation 
is needed to evaluate the model under mixed mode loading conditions.  
In the case of the solid element formulation, the accuracy of the response was limited due to issues with 
strain rate effects implementation; in particular when loaded in pure shear at high strain rates or under 
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mixed mode loading conditions. As noted in the model description, the shear response was scaled from 
the strain rate effects defined for tension, which is a limitation of the model. The strain rate dependency 
for these two modes of loading is not the same in the investigated materials ( 
Figure 8). This has been acknowledged as a limitation of the SAMP-1 [30] and further highlighted in 
the current study, particularly when considering intermediate to high strain rate effects in shear or under 
complex states of stress. It was also noted that similar challenges might be encountered for strain rate 
effects in compression based on the data measured by Nagai [198]. The Nagai data shows the 
dependency of the modulus of elasticity and stress to failure with strain rate. If symmetric behavior 
between tension and compression stress to failure were to be assumed; the compressive data measured 
by Nagai [198,211] overestimates the stress to failure in tension when compared against the measured 
data in this study. Therefore the strain rate effects could also be decoupled between tension and 
compression. Although these tests concentrated on DP-460, a variation of DP-460NS, similar effects 
may be expected for DP-460NS. Work by other researchers, Chen [240] and Farrokh [22]; has 
demonstrated an asymmetric response in other epoxy materials between tension and compression for a 
wide range of strain rates. Considering the possible highly asymmetric nature of the yield surface based 
on the tensile and shear results, Tresca or von Mises yield theories are not applicable, and models such 
as Coulomb-Mohr or Drucker-Prager may be considered. Ideally, the models need to incorporate more 
flexibility in regard to load decoupling. Although the implemented strain to failure criteria in the model 
works well under pure tension, again issues with coupling affect the shear strain to failure, nevertheless 
the SAMP-1 model is the only available material model that can address some of the idiosyncrasies of 
polymeric materials and seems to be a good starting point for modeling structural adhesives using solid 
elements. 
 
3.6 Conclusions  
In this study, three different epoxy adhesives were mechanically tested under tension, and shear modes 
of loading across a range of strain rates and the properties were implemented in two numerical 
formulations.  
Tensile testing was undertaken using samples machined from the bulk material, and the stress-strain 
data demonstrated increasing failure strength, and decreasing failure strain, with increasing strain rate. 
The modulus of elasticity did not vary significantly with strain rate and was in good agreement with 
the reported values from the supplier. Variability in the quasi-static tests was low, but higher variability 
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was noted for intermediate and high strain rate test data. Further, it was found that the samples were 
not in equilibrium for the high rate testing (~1000 1/s). However, the measured strength values followed 
the log-linear relationship established at the lower strain rates and were therefore reported in this study. 
Further testing is recommended to measure the complete stress-strain response for high deformation 
rate loading. The adhesive shear response was measured using a thick adherend lap shear test, also 
demonstrating an increase in strength with increasing strain rate. The Mode I fracture toughness was 
previously measured using tapered double cantilever beam testing, while the Mode II energy release 
rate was determined from the shear test data. Future studies should include direct measurement of Mode 
II toughness and the dependence of toughness on deformation rate. 
Implementation of the mechanical properties required average curves which were established for a 
given loading condition and deformation rate through an empirical curve fit followed by a point-wise 
average of the plastic strain-stress curves. The effect of deformation rate was incorporated through a 
linear relationship between the material strength and the deformation rate. The strength values were 
adequately described with a log-linear relationship; typical coefficients of determination (r2) were 0.8 
for tension and 0.6 for shear. 
Two different numerical implementations were considered in this study and verified using single 
element simulations, followed by a simulation of the actual test samples. A cohesive zone model using 
a cohesive element and the associated constitutive model, incorporating deformation rate effects 
provided a computationally efficient method of representing the adhesive joint dimensions, stiffness 
and failure response. It was noted, for the adhesives considered in this study, the incorporation of 
deformation rate effects was essential to accurately represent the material properties. In general, the 
cohesive model was able to reproduce the experimental test data for pure tension and pure shear for the 
toughened epoxy adhesives (DP-460NS and SA-9850), with less than 8% difference on average. The 
cohesive zone model was able to reproduce the material strength of the non-toughened epoxy adhesive 
(EC-2214) but did not accurately reproduce the stress-strain response. Further investigations should 
consider the evaluation of the cohesive model under mixed-mode loading. 
Modeling was also undertaken using solid continuum elements and a constitutive model developed for 
polymeric materials. The solid elements were computationally more expensive, with the benefit of 
improved prediction of the stress conditions in the joint, when the mesh was sufficiently small (1mm 
for the tensile test simulation, and 0.25 mm for the thick lap shear simulation). The SAMP-1 
constitutive model was accurate for stress prediction and stress-strain response for all adhesive 
materials when pure tension at different strain rates was considered. Under shear loads at low strain 
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rates, around the nominal strain rate of the provided data, the response was very close to the 
experimental data. One of the primary limitations of this model, the use of strain rate effects in tension 
to describe shear rate effects, was identified using the single element test cases. For all materials tested 
in this study, the effect of deformation rate on strength (i.e., log-linear slope) differed for tension and 
shear. It was shown that the model could produce significant errors in the shear response at high strain 
rates, and this is also expected to affect results for mixed mode loading conditions. Additionally, it was 
shown that the shear stress could not be linked to the tensile stress by the use of traditional theories 
(e.g., von Mises). The three tested materials demonstrated the need to have at least both tensile and 
shear data available for proper modeling; it is possible that this is the general case for structural epoxies.  
Numerical simulation of structural adhesives requires a constitutive model capable of calculating 
uncoupled strain rate effects for tension and shear loading, and deformation rate effects on strength 
must be considered if dynamic conditions are expected. The results of this study indicate that a cohesive 
zone model can provide an adequate representation of an adhesive joint for tensile and shear loading 
across a range of deformation rates. 
 
During numerical simulation, damage data was not used directly in the material constitutive model 
definition. Failure was defined by the fracture toughness values and the traction-displacement curve in 
the cohesive element while the solid element used strain to failure values. Even though the selected 
models have damage capabilities, the implementations can be limited. In the case of cohesive elements, 
damage effects (irreversibility) are consider by enforcing loading and unloading paths that come from 
or point to the origin of the Traction-separation curve. This solution, although practical, can miss 
viscoelastic effects and non-linear behavior in the unloading response of an epoxy adhesive. Solid 
formulations can include more sophisticated damage implementations [31,142,143,247] and 
incorporate damage mechanics principles [141] to modify the stress response as a function of damage, 
or use mathematical formulations that describe the internal damage evolution as a function of different 
parameters that modify the material response. Such parameters can be the initial void fraction, the 
current state of stress (or tri-axiality), plastic strains, and other values or mathematical descriptions tied 
to the initiation, growth and propagation of voids. Regardless off this, the implementation or validation 
of such damage capable models require strain-damage data that was not ready available. This highlights 
the necessity for experimental damage data that cannot only support the development and validation of 
numerical models but also further the understanding of the underlying damage mechanisms that evolve 
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under load for adhesive materials. In the next chapter, damage in adhesives will be explored by using 
microhardness measurements in the three studied epoxy materials.  
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Chapter 4  
Damage Measurements in Epoxy Structural Adhesives using 
Microhardness 
This chapter is based on the following published paper: 
Trimiño L, Cronin D.; Damage Measurements in Epoxy Structural Adhesives Using Microhardness. 
International Journal of Adhesion and Adhesives, January 2018, volume 82, pp 211-220 . 
(https://doi.org/10.1016/j.ijadhadh.2018.01.014) © 2018. This manuscript version is made available 




The design of adhesively joined components requires the ability to predict and model the joint response 
under expected operating conditions, including crash events for vehicle structures. Specifically, 
quantifying adhesive material damage accumulation from static and dynamic loading is essential to 
predict the response of bonded components in such scenarios. In this study, Vickers microhardness 
measurements were used as a forensic technique to quantify damage in bulk tensile samples for three 
structural epoxy adhesive materials: a non-toughened epoxy (EC-2214); a toughened epoxy (DP-
460NS); and a high toughness epoxy (SA-9850). The samples were tested to failure over a range of 
strain rates (0.002–100 s-1), and hardness measurements were taken post-test along the gauge length. In 
general, for toughened epoxies, the damage extended over much of the sample gauge length, while the 
un-toughened epoxy demonstrated damage localization at the failure location. The hardness data 
support the contention that mechanisms such as crazing and shear banding play a role in microhardness 
changes in toughened epoxies. Increments in strain rate led to an increase in the damage localization. 
Microhardness measurements were a valuable tool to quantify damage, with the limitation that the 
magnitude of change in hardness could be adhesive-specific, hypothesized to be related to competing 
damage mechanisms. The benefits of this approach include the ability to spatially quantify damage, to 
detect strain rate effects and to carry out measurement of damage post-test in support of constitutive 




4.2 Introduction and background 
Engineering design of adhesively joined components and structures requires the modeling of structural 
adhesives with appropriate constitutive models to describe the mechanical response and failure under 
aggressive loadings, such as crash scenarios in vehicle applications [248]. The study of adhesives and 
adhesive joints to support modeling presents challenges as the stress state, strain rates, and joint 
geometry can influence the measured properties and active damage mechanisms in the adhesive 
[190,201]. Accordingly, quantifying the damage distribution and the relationship to deformation rate is 
necessary for defining constitutive models that can accurately predict adhesive joint response in bonded 
components. Adhesives can have a wide range of chemical composition, with epoxies and toughened 
epoxies commonly used for structural applications. Toughened epoxies are modified to improve the 
adhesive strain to failure and fracture toughness [107,249], using rubber (butadiene) and/or high 
stiffness particles as toughening agents. Rubber toughening agents typically comprise particle sizes 
from 0.1 µm to 0.9 µm in diameter occurring as a suspended phase. However, the particle size depends 
on the amount of material used for the precipitate and also the relative viscosities between the adhesive 
components [76,194]. Epoxy adhesive materials can exhibit different deformation and failure 
mechanisms depending on the mode and rate of loading. In unmodified epoxies, brittle failure is 
observed, attributed to the existence of micro voids or small stress concentrations in the material [110]. 
In the case of toughened epoxies, many different mechanisms [107,110] can be active, including 
cavitation and fracture of rubber toughening particles; debonding and tearing of other embedded 
constituents that act like particles (EPM, ABS, polyolefins, etc.); crack deflection by hard particles; 
plastic zones at crack tips; and shear band/craze interactions. Shear banding and crazing are considered 
the dominant damage mechanisms for toughened epoxies [250].  
 
Ductile polymers, with strains to failure above 25% [251], typically deform by shear banding, identified 
by birefringent areas oriented at well-defined angles, typically 45°. Shear bands may initiate at stress 
concentration points or in areas of high compressive stress. High magnitude localized strains develop 
within the shear bands [79], without the creation of voids [251].  
 
Crazing, also referred to as strain whitening, occurs through the widening of pre-existing micro cracks 
as well as the initiation and opening of new cracks in the material [252,253]. Typical craze opening 
sizes are less than 1 µm in high-impact polystyrene [254], and approximately 2 µm for styrene 
butadiene-modified polypropylene [194]. The phenomenon may occur at a local area or may extend 
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along the load-bearing area, depending on the chemical composition of the polymer, microstructure, 
and presence of microdefects [107,110,194]. Thus, crazing can be considered as damage (D) in its most 
simple interpretation, as the creation and coalescence of voids within a volume of material [141].  
 
Damage may be defined or measured as the ratio between the volume of voids (Vv) and the original 
material volume (Vo). Similarly, damage can also be defined on an area basis as the ratio of the area of 
voids (Av) to the total area (Ao) of undamaged material in a given cross-section (Equation 4-1), as 
proposed by Woo [255]. 
 
	 	 	  
Equation 4-1: Definition of damage 
Direct measurement of voids is a formidable task, especially if in-situ measurements are desired during 
loading. Damage is then generally measured by indirect methods, such as [141]: changes in modulus 
of elasticity; variations in electrical resistivity; changes in wave speed; and changes in hardness. These 
methods are related to the density of the material, and therefore intrinsically related to the voids inside 
the volume of material. Tang et al. [45]measured changes in modulus of elasticity and Poisson’s ratio 
to quantify damage for polystyrene (PS) toughened with rubber particles (HIPS).  
 
The use of microhardness to characterize metals and damage in metallic materials is well established 
[141,256], but the use of micro-indentation in polymers has been relegated mostly to a simple, non-
destructive production control test that indicates cure or chemical composition [257]. Nevertheless, 
there are studies that demonstrate the flexibility and usefulness of indentation techniques to determine 
the mechanical properties for viscoelastic materials [258,259], to measure changes in polymeric 
materials, such as polymorphic transitions due to loading [257], or to identify craze initiation [96]. A 
possible method, then, to measure the effect of damage in materials is through hardness measurements 
at discrete points. Hardness can be measured using a standardized scratch hardness test or a Shore 
Durometer as described in the literature [260], or with the aid of other indentation devices, such as 
Brinell, Knoop, Rockwell or Vickers. Where indentation size is limited, for example on small samples 
or thin bond lines, Vickers microhardness is often used [257]. When measuring hardness, damage can 
be defined in terms of the original hardness of the material (Ho), and the hardness of the material post-
loading (H) (Equation 4-2) [141]. The hardness of a material is often described in test-specific units 
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(e.g., HV) but can be represented using consistent units of force divided by length squared [257]. 
Typically, results are expressed in units of megapascals, although the measurements do not represent 
pressure or stress. It is also necessary to consider that the use of Equation 4-2 does not consider 
deformation rate dependencies, which are of importance in the description of viscoelastic materials 
[259]. 
1  
Equation 4-2: Damage as a function of hardness 
Reported hardness values for polymers can be highly dependent on composition, curing temperature, 
heat treatments, and test temperature, with typical values ranging from 30 MPa for poly ethyl-ethylene 
(PEE) [261] up to 1,000 MPa, as reported by Paplham [262] for a carbon fiber epoxy composite. The 
epoxy resin used in Paplham’s study had a measured microhardness of approximately 300 MPa. 
Stoeckel et al. [20], and Zheng and Ashcroft [159] have reported microhardness values in the range of 
180–220 MPa for different epoxy adhesives. The microhardness of a material can also be estimated, 
using Tabor’s relation [256], as three times the yield strength (σy) of the material (Equation 4-3). This 
relationship was developed for metals but has been applied to some polymers [257]. Equation 4-3 also 
neglects strain rate effects. Therefore it may be limited in application due to the viscoelastic nature of 
polymeric materials, as demonstrated by Lopez [263]. 
 
Equation 4-3: Tabor’s relation 
Stress-induced changes in microhardness measurements have been reported in the literature, and 
demonstrate that the material hardness decreases with increasing levels of strain [257,264]. However, 
it is possible to observe a reversal in this trend, depending on the specific polymer. For example, at 
high levels of deformation (>40%) PEE microhardness increases, following the notable decrease in 
microhardness trend for lower strains [261]. The same behavior was reported by Fakirov and Boneva 
[265] for homo-PBT, but the trend reversal started as low as 10% strain. Baltá-Calleja [257] reports 
that softening followed by hardening with strain is possible due to “polymorphic” transitions. In such 
polymorphic transitions, the material changes from an alpha form, in which molecular chains are not 
fully extended, towards a beta form with chains fully extended. Coiled chains have ductility and 
produce a lower hardness, while extended chains require more load to deform, hence higher 
microhardness. In general, for the reviewed literature microhardness measurements made under stress 
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and after unloading are lower compared to the undamaged material, making application of Equation 4-
2 feasible to describe the damage in polymers based on microhardness measurements.  
 
In this study, Vickers microhardness was used to quantify damage and damage extent along the loaded 
zone for bulk tensile samples of three different epoxy adhesives subjected to uniaxial tensile loading 
until fracture at different strain rates. With adhesive materials, joint geometry and the state of stress can 
influence material properties, therefore using the bulk material presents a limitation. Nevertheless, the 
bulk material provides a controlled and repeatable test to further the understanding of the active damage 
mechanisms. It also serves as proof of concept for a methodology that can be extended to more complex 
scenarios. Additionally, the applicability of Tabor’s relationship to epoxy adhesives was explored. 
 
4.3 Methods 
4.3.1 Materials and testing 
Three different epoxy adhesives (EC-2214, DP-460NS and SA-9850; 3M, Minnesota) were 
investigated. The selected materials made it possible to compare the response of an untoughened epoxy 
adhesive (EC-2214) with a toughened epoxy (DP-460NS) and a material specifically designed for 
impact resistance (SA-9850). Both DP-460NS (two-part epoxy) and SA-9850 (single-part epoxy) were 
toughened epoxies with a polymeric phase, while EC-2214 was a single-part epoxy. Table 4-1 provides 
a general overview of the chemical composition of each material based on available data from the 
manufacturer [266]. To quantify the material microstructural inhomogeneity (measure the average size 
and shape of the visible phases), length scale observations were made for all three materials at 
intermediate magnification (100–200x) using an opto-digital microscope (ODM) (Keyence VHX-
5000). 
Epoxy sheets were manufactured by casting the adhesive material between two glass plates followed 
by oven curing. Curing temperature and time were set to the manufacturer specifications to develop 
optimal strength for each material: one hour curing cycle at 120°C for EC-2214; two hours at 70°C for 
DP-460NS; and one hour at 170°C for SA-9850. Tensile samples were machined from the sheets and 
loaded in uniaxial tension to failure at different strain rates (0.002, 0.01, 0.1 and 100 s-1). In recent 
research [248] these materials were identified to exhibit increasing strength and reduced strain to failure 
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with increasing strain rate (Table 4-2). During uniaxial loading, both DP-460NS and SA-9850 
demonstrated strain whitening, but EC-2214 did not (Figure 4-1).  
 
Material Matrix Phase 2 Phase 3


























Table 4-1: Epoxy composition, weight percentages as a ratio of the controlled product 
 
 
Figure 4-1: Strain whitening (crazing) for three structural adhesives 
The DP-460NS material was further investigated for damage features that relate to the strain whitening, 
such as micro-cracks and shear bands. The toughening agent (butadiene) in DP-460NS is commonly 
used as a toughening agent [76,110,194,251,267,268], and the particle sizes were comparable to those 
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present in SA-9850. Therefore, this material represented typical feature size relative to the indentation 
size and, from a Linear Elastic Fracture Mechanics perspective (fracture toughness, Table 4-2), DP-
460NS will generally produce damage features that are larger in size than the non-toughened epoxy 






















EC-2214 1540 5.17 0.38 3.1ln( )+83.5 1.9ln( )+41.8 1.82 5.46 
DP-460NS 1200 2.13 0.41 3.5ln( ) +62.9 1.0ln( )+29.3 2.82 10 
SA-9850 1200 2.40 0.41 2.7ln( )+46.8 0.4ln( )+26.4 2.97 15 
Table 4-2: Mechanical properties of tested structural adhesives [248] 
4.3.2 Microhardness measurements 
For this study, the use of a digital Shore durometer was considered (Instron S1 model handheld 
durometer). However, it was found that the indentation size (1.5 mm in diameter) prevented the 
possibility of performing a significant number of measurements across the width of the coupon samples 
(3 mm) for statistical analysis. Nano-indentation could provide better measurement resolution across 
the width of the samples, and measurements on the order of the size of the damage features but this 
technique was not pursued but should be considered in the future. The goal of this study, however, was 
to undertake material hardness measurements at a microscopic scale to determine average changes in 
hardness and material damage. Therefore, a Micro Vickers Hardness Machine (Leco MHD-200 model) 
was used to measure the material hardness. The device provided repeatable measures, and the small 
indentations (~200 µm) enabled multiple measurements in a small area, which is required for statistical 
analysis. The indentations were measured with the optical filar micrometer. At a later stage in the study, 
measurement of the indentations was undertaken with the ODM to improve measurement consistency. 
When using Vickers microhardness [257], the size of the micro indentation diagonal (d) in millimeters 







Equation 4-4: Microhardness definition 
Micro-indentation testing in metals is typically conducted by mounting the specimens in Bakelite or 
some other support material [269]. In the case of micro-indentation of polymers, Baltá-Calleja [257] 
and Smith [124] made some recommendations regarding sample mounting and testing. In general, an 
epoxy resin can be used for mounting polymers because it will have similar mechanical properties as 
the material to be tested. When mounted in this way, samples need to be cleaned and polished, and a 
cold-mount resin is required to avoid thermal effects on the material to be measured. To address these 
challenges, an aluminum support fixture was manufactured to support the samples during the micro-
indentation process. A preliminary study was conducted to determine if the support fixture produced 
results different from those of a sample mounted using an epoxy resin. It was concluded that the use of 
the support fixture did not influence the hardness results. This same study also determined the ideal 
load to use during micro-indentation for each material (see Appendix B, section B1). 
 
The samples’ microhardness was measured before and after uniaxial loading. Three measurements were 
made in the grip zone before testing, and these served to verify the previously measured basic reference 
values for each material. To evaluate the effects of loading in the material, microhardness 
measurements were made in the sample gauge length following uniaxial tensile testing (3 
measurements across the width, at 2 mm increments along the gauge length). The indentations started 
at 0.5 mm from the fracture plane, and a minimum distance of 350 µm was maintained between 
indentations in the same plane (Figure 4-2) to minimize interaction between measurements. 
 
 




4.4.1 Epoxy material microstructure measurements 
Table 4-3 summarizes particle size analysis for all three materials. In the analysis, the first phase was 
the epoxy matrix, and therefore no particle results are reported. In EC-2214 and SA-9850, the 
micrographs pointed to a microstructure composed of reflective circular particles corresponding to the 
aluminum aggregates, typically 10 µm in diameter. Dark areas were identified as the elastomeric phase 
in both materials, with a mean diameter of approximately 20 µm. In both materials, the particle 
distribution was typically even along the observed surfaces, and the particle spacing (edge to edge) was 
on the order of 10 µm. Although DP-460NS is described by 3 different phases in the chemical 
constitution (Table 4-1), it was only possible to identify 2 phases with the ODM: phenol matrix in the 
background; and a mix of circular and amorphous butadiene, identified as a darker component. The 
butadiene particle distribution was random over the material surface; particle separation, measured 
from edge to edge, varied between 2 µm and 25 µm. It is worth noting that some of the butadiene 
particles demonstrated internal inhomogeneity (lighter colored areas). This may indicate that the 
unidentified third silicone phase could be partially distributed within the second phase.  
 
Material 
Phase 2 Phase 3 Phase 4 
Mean  





EC-2214 17≤7 24≤9 - 
DP-460NS 13≤9 - - 
SA-9850 - 10≤7 20≤17 
Table 4-3: Inclusion size evaluation in the epoxy materials 
4.4.2 Strain whitening development in the adhesives 
During uniaxial load testing, DP-460NS and SA-9850 showed strain whitening, but EC-2214 did not. 
For DP-460NS, as the load was applied to the material at very low strain rates, the material first 
developed small areas of lighter color compared to the base material; the size of these areas grew and 
coalesced with increasing strain. Eventually, the whitened regions linked and formed inclined bands of 
whiter color. For DP-460NS, the development of white areas started well before the end of the elastic 
range (e~0.015) and transitioned towards well-defined bands after reaching the maximum stress (45 
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MPa); the strain (e~0.03) was below the strain to failure (e¥ 0.10) at this point. At low strain rates, the 
strain whitening occurred over the entire gauge length of the sample, with the development of numerous 
shear bands. However, as the strain rate was increased, localization of whitening in the vicinity of the 
fracture zone was identified. After failure, there was strain whitening in the gauge for the quasi-static 
samples, yet it was only noticeable in the region of failure for the high strain rate samples.  
In the case of the SA-9850 adhesive, the behavior was similar, although the transition from crazing to 
shear bands was delayed well into the plastic region with high strains (e¥ 0.05), and the shear bands 
were not as well defined as in DP-460NS. The whitening was distributed along the entire gauge length 
of the material sample and was noticeable at all strain rates tested. In SA-9850 the strain whitening was 
noticeable in the gauge length even after final failure; this was also identified in the high strain rate 
samples.  
4.4.3  In-situ damage feature measurement in DP-460NS 
The DP-460NS material was observed using the ODM during tensile loading to identify the 
characteristic lengths of features such as micro-cracks and shear bands. The initial typical surface of 
DP-460NS consisted of the elastomeric phase and pre-existing cracks. From ODM image 
measurements it was determined that surface defects, such as cracks, were typically less than 3 µm 
opening. During loading, these features could open up to 4 µm. A crack in the sample area imaged 
began at 26 µm in length and grew to a length of 51 µm under load. It was noted that cracks often 
coalesced during the loading stage. Shear band orientation ranged between 28° and 30° relative to the 
loading direction, and the shear bands were approximately 50 µm in width. Figure 4-3 illustrates the 





Figure 4-3: DP-460NS, evolution of surface features and damage under tensile loading 
4.4.4 Microhardness baseline measurements  
Microhardness baseline values for each individual adhesive material were established for reference 
(Table 4-4). Also reported are the yield strength and the ultimate strength. Values for Tabor’s ratio 
between yield strength and measured microhardness were calculated using Equation 4-3. The 
calculation was also performed using the ultimate strength of the materials (Table 4-5). Micro-
indentation diagonal length varied with the materials (Table 4-4), and in certain cases evaluation with 
the optical filar was challenging (Figure 4-4). The ODM facilitated the identification of micro-







& ±σ. [MPa] 
Indentation 
diagonal length & 
±σ [µm] 
Yield Stress [MPa] 
@ 0.002 s-1 [248] 
Ultimate Stress 
[MPa] 
@ 0.002 s-1 [248] 
EC-2214 251.06≤38.04HV300 150≤10.12 53.02 62.32 
DP-460NS 120.10≤7.20HV200 176≤4.96 35.54 39.03 
SA-9850 102.90≤10.80HV500 301≤15.92 24.70 28.24 








EC-2214 4.73 4.02 
DP-460NS 3.37 3.07 
SA-9850 4.13 3.64 
Table 4-5: Tabor’s relation using yield strength and ultimate strength 
 








Figure 4-5: Indentation identification and measurement using an ODM 
4.4.5 Post-test microhardness and effect of strain rate 
The microhardness profile along the gauge length of the sample, beginning at the fracture zone, was 
determined for the three different materials (Figures 4-6 to 4–8). The figures include box whisker plots 
that summarize the data at each measurement location. Each box includes a horizontal bar to depict the 
mean value, the upper and lower fence, and 75% and 25% quartiles. Each figure also includes a corridor 
indicating the undamaged material mean microhardness values (solid line, data from Table 4-4) and 
three standard deviations from the mean (dashed lines). 
At each tested location, measurements were compared with those of the undamaged material average 
microhardness (Table 4-4), using a T-test with a significance level of 95%. The tables in section B2 of 
Appendix B summarize the analysis results for each material at each measured location. Statistically 
different locations from the mean are identified with the star symbol in Figures 4-6 to 4-8.  
The microhardness measurements were lower, on average, for the tested samples compared to the base 




Figure 4-6: Measured hardness of EC-2214. Undamaged material average microhardness (solid 
line) with ± three standard deviations (dashed line) 
 
Figure 4-7: Measured hardness of SA-9850. Undamaged material average microhardness (solid 




Figure 4-8: Measured hardness of DP-460NS. Undamaged material average microhardness 
(solid line) with ± three standard deviations (dashed line) 
base material, except near to the fracture zone, while both DP-460NS and SA-9850 exhibited a more 
even distribution of the microhardness values along the sample gauge length. DP-460NS exhibited 
wide variability in hardness at the two extremes of the strain rates tested, and at the highest strain rate, 
the average value of microhardness (135 MPa) was higher than that of the undamaged material mean 
(120 MPa). Due to the variability of the DP-460NS samples at the highest strain rate (100 s-1), the 
individual samples were investigated in detail to clearly understand the reason for this change and 
variability (Appendix B, Figure B3-1, and Table B3-1). 
4.4.6 Damage Calculation 
From the microhardness measurements (Figures 4-6 to 4–8), and assuming that the material base 
microhardness was a constant (Table 4-4), the damage at each measurement location was calculated 
(Equation 4-2). Damage values were calculated considering only softened material, which is a 
limitation of the analysis. The calculated damage was summarized using whisker boxes (Figures 4-9 to 
4–11). Note that only information for locations that were statistically significant (identified by * in 
Figures 4-6 and 4-7) was included for EC-2214 and SA-9850, whereas all the measured data was used 




Figure 4-9: Damage calculated from hardness measurements in EC-2214 
 




Figure 4-11: Damage calculated from hardness measurements in DP-460NS 
According to the damage calculations from microhardness, for EC-2214 (Figure 4-9) the average 
damage value at quasi-static rates was 43%. There was great variability in the calculated damage, and 
the reported values could be as low as 15% and as high as 66%. Moving away from the fracture zone 
the calculated damage always decreased. At the next strain rates (0.01 and 0.1 s-1) the trend was 
repeated, with higher damage detected towards the fracture zone than in the furthest location reported. 
Two trends in the calculated damage were noticed: with increases in strain rate the amount of damage 
decreased; and increasing differences between the value at the fracture zone and the other locations 
were also detected. 
 
In the case of SA-9850 (Figure 4-10), the calculated damage value varied around an average of 37% 
and was independent of strain rate up to a strain rate of 0.01 s-1. The damage was more or less distributed 
evenly along the length gauge of the specimens, although increased variability and trends towards lower 
values were detected further away from the fracture zone. At higher strain rates, localization began to 
appear in the vicinity of the fracture zone, and the calculated damage was reduced to 25% on average. 
The samples at 0.1 s-1 had a trend not noticed anywhere else. For this data, the calculated damage was 
greater further away from the fracture zone (30% on average), than closer to the fracture zone (20% on 
 
 71 
average). Further review of the microhardness values (Figure 4-7) indicated that for this particular 
sample group, there was a reverse in the microhardness trend close to the fracture zone. 
 
The DP-460NS damage data (Figure 4-11) reflected a trend towards higher damage in the region of the 
fracture zone. The calculated damage was 20% on average closest to the fracture zone for all strain 
rates. The damage was typically higher towards the fracture zone and then tapered off towards a lower 
value (5–10%) moving away from the fracture zone. At the highest strain rate tested (100 s-1), the 
damage closest to the fracture zone was also around 20% on average, but there was variability along 
the gauge length. Fluctuations between 16% and 25% in average value were detected in these zones. 
Finally, at the furthest location average damage was calculated as 10%. 
 
4.5 Discussion 
4.5.1 Measurement of microhardness in epoxy materials 
The traditional equipment used to measure microhardness can have difficulty identifying indentations 
in certain materials, specifically polymeric materials with aggregates that appear dark under microscope 
light (Figure 4-4, SA-9850 and EC-2214 materials). Although measurements with a filar micrometer 
and a regular confocal microscope were possible, it required high skill, and in some cases, it proved 
challenging to properly identify the location or the boundaries of the indentation. Identification can be 
enhanced with the use of a contrasting medium (marker ink), but this approach remains limited because 
while it can aid in identifying the presence of an indentation, it cannot clearly delineate the boundaries. 
In this study, an opto-digital microscope (ODM) was used to verify previous measurements gathered 
with a traditional filar micrometer and regular confocal microscope imaging. Importantly, the ODM 
capability to measure surface profiles facilitated the identification and measurement of indentation 
features (Figure 4-4 far left vs. Figure 4-5), especially in low contrast conditions.  
4.5.2 Length scales 
The damage calculations assumed that each adhesive could be treated as a continuum. Such an 
assumption must be supported by demonstrating that the material microstructure, inhomogeneity and 





For the EC-2214 and SA-9850 adhesives, the material microstructure can be considered as an aggregate 
of particles (Figure 4-4, center and far right). Such particles were typically circular in shape and 3–37 
µm in diameter (Table 4-3). In DP-460NS, micrographs showed a random distribution of the 
elastomeric phase in both particle shape and size. Particle analysis in this material identified sizes up 
to 22 µm in diameter in the observed region. Measurements of damage features identified micro-cracks 
in DP-460NS up to 4 µm in width and up to 50 µm in length, while shear bands were typically 50 µm 
in width and oriented at 30°. The measurements were reasonably close to the reported data in the 
literature for crazing crack openings, on the order of 1–2 µm [114,194,252–254] in different polymeric 
materials. From a fracture mechanics perspective, given the similarity in mechanical properties (Table 
4-2) and particle sizes (Table 4-3) across the toughened materials (DP-460NS and SA-9850), the 
reported crack sizes should be a representative length scale of damage features for both materials. For 
the regular epoxy (EC-2214), given the lower fracture toughness, the characteristic length of damage 
features are expected to be smaller than the measured values in DP-460NS. Microhardness indentation 
sizes ranged between 140 µm and 316 µm (Table 4-4) in diagonal length. Typical micro-indentations 
are depicted in Figure 4-4 inside the red circle. From the ODM results (Figure 4-5), a value of 6 µm 
can be considered as a representative magnitude of the indentation depth. The microhardness diagonal 
length scale is at least 3 times larger than the largest microstructure features, and ~300 times larger than 
the smallest features in the material. Not considering the depth of indentation, the materials could be 
treated as a continuum for damage characterization and interpretation of the hardness measurements. 
4.5.3 Measured microhardness values 
Microhardness measurements made in the undamaged materials were lower than the typical expected 
range for epoxy resins (~300 MPa), but this can be expected as the tested epoxy adhesives incorporate 
different levels of elastomeric materials in their chemical composition. The EC-2214 epoxy with the 
lowest amount of toughening agent (< 5% per weight) exhibited the highest microhardness (250 MPa). 
This value is below that reported by Paplham [262], but well within the approximate expected range of 
epoxy materials (165–300 MPa). Both DP-460NS (120 MPa) and SA-9850 (102 MPa) had a higher 
content of toughening agent, which was reflected in lower microhardness measurements. Tabor’s 
relation was also evaluated using the undamaged material measured microhardness, and compared to 
the measured yield strength and ultimate strength. For all three materials the calculated ratios were 
between 3.3 and 4.7 using the yield strength, and between 3 and 4 using the ultimate strength. Given 
these values, we consider that the Tabor relationship can provide a reasonable approximation of the 
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strength for the epoxy adhesives examined in this study. Conversely, since yield values for polymeric 
materials are scarce in the literature, the ultimate strength could be used to obtain a reasonable 
approximation for the microhardness of the material when needed. Baltá-Calleja [257] linked 
microstructure with the Tabor findings and explained that materials with hardness to strength ratios 
close to 3 are representative of polymers with high crystallinity. Clearly, the measured ratios in this 
case cannot be interpreted in terms of crystallinity alone because epoxy resins are generally considered 
to be amorphous glassy polymers.  
4.5.4 Strain rate effects on the microhardness 
The microhardness indentation data were used to investigate the effect of strain rate on the hardness of 
the structural epoxy adhesive materials.  
In general for the EC-2214 material, changes in microhardness were highly localized at the fracture 
zone and no other statistically significant changes were identified along the gauge length, although 
variability was present in the results. Microscope observations of the material (Figure 4-4, middle) 
show that the micro-indentations can cover regions that include the aluminum additive used in the 
material formulation, which could play a role in the variability. For the single-part EC-2214 epoxy, the 
microhardness data (Figure 4-6) and the T-test analysis demonstrated that for the two lowest strain rates 
tested (0.002 and 0.01 s-1), the microhardness had lower values at, and adjacent to, the fracture zone. 
For the 0.1 s-1 data, two locations were found to be statistically different from the untested material 
(Figure 4-6). However, this result was attributed to sample composition variability and not linked to 
actual changes in hardness caused by loading. At these two locations the measured microhardness 
averages (227.95≤20.79 MPa and 201.83≤35.99 MPa) were within one standard deviation of the virgin 
material microhardness (251.06≤38.04 MPa). A T-test with increased significance level to 99% reports 
that at the two locations, the microhardness was the same as the base material. Similarly, at the higher 
strain rate (100 s-1) no statistically significant changes in the measured microhardness were detected.  
 
For the SA-9850 adhesive, the T-test confirmed that the microhardness trend was towards values that 
were statistically lower than that of the undamaged material (Figure 4-7). A noticeable change in the 
material microhardness trend with strain rate was detected: at low strain rates (< 0.01 s1) the 
microhardness ranged from 60 MPa to 70 MPa, while at higher strain rates microhardness ranged from 
70 MPa to 80 MPa. In both cases, these fluctuations were statistically different, and lower than the 
undamaged material microhardness of 102 MPa. They were also statistically different from each other. 
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Of the three tested materials, the DP-460NS results were most challenging to interpret, a difficulty 
attributed to the damage mechanisms active during deformation. For the lowest strain rate, the statistical 
T-values reported both significant and non-significant values, with no observable trend. The changes 
in significance for the T-values along the test gauge can be explained by the observed changes in the 
material caused by the loading history. At very low strain rates, the material first experienced crazing, 
which then transitioned to well-defined shear bands as deformation progressed. During the initial craze 
formation stage, groups of voids developed that softened the material. As the strain was increased, the 
development of shear bands caused a significant stretch in the polymeric chains, leading to re-hardening 
of the material. The occurrence of these two potentially competing damage mechanisms led to no 
noticeable changes in the material microhardness (Figure 4-4 to 4-8). This type of effect in the 
microhardness, i.e., re-hardening with strain, has been reported in the literature for other materials 
[257,261,265]. The wide fluctuation in microhardness between softer and harder material along the test 
sample gauge length can be due to pockets of softer crazed material among hardened shear-banded 
regions, hence the changes in significance for the T-values along the test gauge. It is also important to 
consider that the many damage mechanisms available for toughened epoxies, as described in the 
Introduction, can play a significant role in the variability of the measured values. Furthermore, as 
pointed out by Bucknall [250], differences in particle size can also influence the balance between 
crazing and shear banding across regions of the material, further complicating the possible reasons for 
the variability. At the next two tested strain rates (0.01 and 0.1 s-1), the material had less chance to 
develop a transition between shear banding and crazing, hence the trend in lower microhardness 
towards the fracture zone. At the highest strain rate, the average microhardness (132.5 MPa) was 
statistically higher than the material mean microhardness value (Appendix B, Table B3-1, 100 s-1 T-
test results), although high variability in the data was noted (Figure 4-8, right). The individual sample 
measurements (Appendix B, Figure B3-1, and Table B3-1) confirmed the same phenomenon detected 
in the samples tested at the quasi-static strain rate. For areas where crazing development was evident, 
the microhardness decreased. At zones where shear bands were present, the microhardness increased. 
4.5.5 Calculation of damage in the epoxy materials 
According to the damage calculations from microhardness, the calculated post-test damage ranged 
between 20% and 42% in the materials. Although the average tolerance for damage in EC-2214 (34–
42%) seems comparable to the other two adhesives, one should consider that the calculated damage, 
according to the statistics, can be as low as 15% in the fracture zone (Figure 4-9). The concentration of 
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damage in a small area of the test sample and low strains to failure demonstrated the brittle nature of 
this material. In the case of the toughened epoxies, the damage tolerance was demonstrated by the 
capacity of the materials to propagate damage along the test sample gauge section. This was favoured 
by the capacity of the materials to develop crazing, due to the presence of toughening agents. Calculated 
damage values along the sample gauge length for both SA-9850 (30–40% damage, Figure 4-10) and 
DP-460NS (20% damage, Figure 4-11) demonstrated the ability of these materials to tolerate damage 
across a large area of the loaded material. At higher strain rates the capacity to absorb damage was 
reduced in SA-9850 (20% damage) but remained constant in DP-460NS. Although, at the higher strain 
rates, DP-460NS demonstrated the initiation of localization, while SA-9850 maintained some of its 
capacity to tolerate and distribute damage along the test gauge. The differences between low strain rates 
and high strain rates can be explained by a reduction in the ability of the materials to develop crazing 
to the same extent as possible during quasi-static loading.  
 
Intuitively, one would expect damage values to be higher in the toughened materials than in the brittle 
epoxy, as was the case with the PS and HIPS data [45]. In this regard, the shear banding present in the 
toughened epoxies had a re-hardening effect in the measured hardness value that biased the damage 
calculation towards a lower result. It is possible to circumvent this issue by extrapolating the 
undamaged material microhardness as proposed by Lemaitre [141] for the case of materials where 
damage and strain hardening occur simultaneously. Using a reference hardness value (Ho) of 300 MPa, 
typical of a pure epoxy resin, the damage of the toughened epoxies would be on the order of 60–80%, 
given the range of measured microhardness after failure in both DP-460NS and SA-9850. This is more 
in accord with the values presented for HIPS [45]. Although the calculated values for damage were not 
unreasonable for the plain epoxy adhesive (EC-2214), further consideration needs to be given to 
damage evolution and measurement in toughened epoxy materials (DP-460NS and SA-9850). Both 
softening and hardening were coupled, and both effects need to be quantified in order to obtain an 
improved calculation of material damage.  
 
4.6 Conclusions 
Three different epoxy adhesive materials (EC-2214, DP-460NS and SA-9850 3M, Minnesota) were 
tested under tensile load at different strain rates and were evaluated using microhardness measurements 
as a means to measure material damage. Traditionally, micro-indentations for microhardness 
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measurements were measured with a filar micrometer or with the aid of a confocal microscope. In this 
study, the use of an opto-digital microscope (ODM) was explored, and it proved to provide a significant 
advantage for identification and measurement of microhardness indentations, particularly for low 
contrast surfaces where the traditional filar micrometer or optical microscopes may not be adequate to 
measure the size of the indentation. The microhardness measurements demonstrated that changes along 
the gauge length were dependent on both strain rate and the chemistry of the adhesive. In a non-
toughened epoxy (EC-2214), the damage was highly localized around the fracture zone. In toughened 
epoxies (DP-460NS and SA-9850), the damage extended over much of the sample gauge length and 
the microhardness variations were linked to the deformation mechanisms, i.e., crazing and shear 
banding. In these two materials, the shear banding generally increased the measured hardness, while 
crazing decreased the measured hardness, offsetting one another and ultimately affecting the damage 
results. With increments in strain rate, localization increased. 
 
Even though there was a localization effect on the measured damage that prevented measuring 
hardness, and therefore damage data at high strain rates, microhardness measurements were a valuable 
tool to quantify damage for epoxy adhesive materials subjected to tensile loading under a wide range 
of strain rates. The microhardness data along the test sample gauge length were also used to generate 
damage profiles (Figures 4-9 to 4–11), which cannot be easily obtained by other traditional means to 
measure damage, such as detecting changes in the modulus of elasticity using load-unload cycles. The 
Tabor relationship applied to polymeric materials was also explored, and the results suggest that it can 
be used with toughened epoxy adhesive materials to provide an estimate of strength from hardness 
values. The microhardness information can be used as an additional verification point for assessing 
damage prediction capabilities of constitutive models for use in analysis, design and computational 
models that include adhesive materials.  
 
Out of the tested materials, only DP-460NS exhibited strain whitening tied to two different mechanisms 
(crazing and shear banding). Although strain whitening is typically associated with crazing [270,271], 
the actual underlying mechanism that causes the optical change needs to be fully identified, quantified 
and compared against known measurements of damage. Chapter 5 will explore in depth the evolution 
of damage in the two-part epoxy adhesive material using microscopic observations and changes in 
modulus of elasticity. Even tough SA-9850 demonstrated strain whitening and other traits that deserve 
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further investigation (e.g. better damage propagation at higher strain rates), lack of availability for this 











Owing to the increased use of toughened epoxy adhesives in current transportation light weighting 
efforts, it is critical that the damage mechanisms observable as strain whitening in these materials are 
understood and quantified. Quantification of damage is needed for finite element constitutive models 
used in structural design; however, thin bond lines in adhesive joints limit direct observation of the 
adhesive. In this study, microscope observations of bulk material specimens subjected to tensile loading 
were linked to strain whitening and damage in a toughened epoxy adhesive. Cracks on the surface were 
observed to open during loading, with strain whitening observed at the crack tips and with the initiation 
and propagation of shear bands were identified. The stresses approximated at the crack tips suggested 
that particle cavitation could be occurring in these regions. Image analysis showed that strain whitening 
was present at crack tips and that these areas served to initiate shear-bands.  
Changes in tensile specimen stiffness and strength were evaluated during load-unload and reload 
testing, and were linked to the presence of crack growth, as well as the formation of shear bands. 
Considering changes in strength, the predicted damage level before failure (D~18%) was lower than 
that predicted using traditional load-unload stiffness (D~35%), attributed to short-term viscoelastic 
effects; however, damage calculated from load-reload material stiffness (D~19%) was in good 
agreement with the damage estimated from changes in strength. A new approach, calculating damage 
from direct image analysis of strain whitening on the free surface (D~21%) was in good agreement 
with damage quantified by changes in strength and stiffness, with the benefit of quantifying damage 




5.2 Introduction and background 
The use of modern structural adhesives makes it possible to join dissimilar materials when traditional 
joining methods (e.g. welding) may not be feasible or when the potential for galvanic corrosion exist 
(e.g., steel to aluminum). Also the use of adhesives allows for continuous joints with benefits 
[51,177,178,272,273] relative to traditional discontinuous mechanical joints (bolts, rivets, spot-welds, 
etc.) because they result in structures that are stiffer, can absorb more energy under extreme 
deformation, and also reduce unwanted vibrations and stress concentrations at joints [51,183]. Due to 
the relevance of toughened structural adhesives in current light weighting efforts, it is critical that 
designers and engineers understand the mechanisms that lead to their failure so that these materials can 
be used effectively and in accordance with the expected loading demands associated with the intended 
use of the bonded structure. 
Although it is important to acknowledge the potential differences between thin bonds and bulk adhesive 
materials [271], recent investigations in regards to identification of material properties in epoxy 
adhesives tend to favor the use of bulk samples. Previous studies by different authors using bonded 
joints have reported that stress concentrations caused by geometry (fillets) [190,274], complex states 
of stress (i.e. triaxiality) associated with adhesive thickness [275,276], strain rate effects [201,203,277], 
and agglomeration of particles in thin bonds [278], can influence the development of different failure 
mechanisms in adhesive systems. On the other hand, the use of bulk samples is amenable to the 
implementation of different experimental techniques that can directly identify the stress-strain response 
(e.g. Hopkinson bar [21,166], optical techniques [46], grid methods [23,165]) or other parameter of 
interest such as microhardness [263,279] or fracture toughness [166]). Some of these techniques cannot 
be implemented otherwise due to the impracticality and constrains imposed by thin bond lines (complex 
states of stress, stress concentrators, clearance and geometric constrains, etc.). However, the use of bulk 
samples is limited by the difficulty to obtain pore-free samples [280]. Nevertheless, the use of bulk 
samples provide results that are independent of the tested geometry, the adherent properties, and avoid 
the use of reverse identification procedures [280]. 
A common observation in toughened polymeric materials under tensile loading is the development of 
strain whitening. Strain whitening then, can be considered as a manifestation of the damage 
mechanisms that are active in a polymeric material. Although strain whitening is generally associated 
with crazing [270,281], other phenomena such as cracks, particle debonding and cavitation [41,282] , 




Structural adhesives can have many different formulations (urea, melamine, epoxy, toughened epoxy 
with rubber particles, toughened epoxy with hard particles, etc.) [20] which explains the rich 
mechanical responses that can be observed in these materials when subjected to load (e.g. high elasticity 
modulus with brittle failure, ductile response with large deformation, differences in fracture toughness) 
[85,86,107]. In previous studies [248,279] three different adhesive formulations (a one part epoxy, a 
two part toughened epoxy, and a one part toughened epoxy) were tested under load. However, the two-
part phenol resin epoxy with a thermoplastic phase and silicone content for toughening (DP-460NS) 
demonstrated unique characteristics in its mechanical response: high stress to failure (~40 MPa), large 
deformation accompanied with the development of both strain whitening and shear banding. At ultimate 
failure (e~0.2), the material typically exhibited the characteristics of a brittle fracture at the failure 
plane. Given these mechanical characteristics and the relevance of toughened adhesives in modern 
engineering design [20,51,182,183], this adhesive was selected to further investigate the causes of strain 
whitening and quantification of damage.  
 
Toughened polymeric materials can contain initial defects (e.g., cracks, surface non-uniformities, etc.) 
which serve as initiation points for the development of damage mechanisms such as crazing, particle 
cavitation and shear banding. Crazing can be described as the development of fibrils/tendons that delay 
crack opening and allow the material to absorb more deformation energy prior to ultimate failure. 
Although crazing is a significant failure mechanism in toughened thermoplastics [9], it is a 
controversial topic in epoxy materials. While certain authors acknowledge the possibility as presented 
by Yee and Pearson [106]; others as presented by Garg [107] dispute the presence of this mechanism. 
To further complicate the subject, craze-like damage in toughened epoxies has been reported in the 
literature [73,108].  
 
Craze-like damage was explained by Sue [108] as load carrying fibrils or tendons that arrest crack 
growth initiated from scattered cavitation in the core-shell particles used to (Butadiene particles 
surrounded by a hard shell material) modify an epoxy matrix. Cavitation in this context (damage in 
materials), can be understood as the creation and propagation of voids inside a solid due to a hydrostatic, 
or tri-axial, tensile stress.  
 
Damage due to particle cavitation can also manifest as strain whitening. In this case, the voids created 
by the cavitation at a particle are responsible for reflecting light and can explain the changes towards a 
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whitened color. The critical stress to initiate void nucleation and cavitation in a particle depend on the 
initial  size, modulus of elasticity and the fracture energy of the embedded particle material [109]. A 
critical stress value ( ) to initiate cavitation can be approximated by the modulus of elasticity (E) for 
rubber inclusions (Equation 5-1) ranging from 0.5 µm to 1 mm in diameter [109]. 
~ 	 	 3 ~ .  
Equation 5-1: Approximate cavitation stress for rubbery inclusions [109] 
Light scattering in crack tips can also contribute to the strain whitening. However, the development of 
plastic zones around crack tips can play a role in energy absorption and delaying failure in polymeric 
materials [107,110]. For microscopic cracks, Gent [283] investigated the expression developed by 
Inglis [284] (Equation 5-2) to calculate the stress concentration factor (k) in terms of the crack length 
(l) and the tip radius (r). Gent explains that the most severe edge flaws which might occur by chance in 
smooth machined surfaces, would be about 100 µm long and about 10Å in tip radius. This corresponds 
to a value for k of about 200. However, Gent proposed stress concentration values ranging from 10 to 
50 [283] as a more reasonable figures for edge flaws in normal tensile test-pieces. Patterson proposed 
a stress concentration factor of 25 [285].  
 
1 2  
Equation 5-2: Stress concentration factor [284] 
Ductile polymers can also deform by developing shear bands [93,98,110,268]. Shear bands are 
traditionally identified by areas that are birefringent and are oriented at well-defined angles, typically 
45° relative to the principal axis of loading. Shear bands generally initiate at stress concentration points 
and can develop locally high strains, well above the nominal strain in the material [95,97,98].  
 
The consequence of physical damage to a toughened polymer in the form of cracks, cavitation and 
shear bands can be described in a quantitative manner using the concept of damage (D). A widely-used 
definition of damage is a process in which voids and defects grow inside a volume of material until 
fracture is unavoidable, quantified as the ratio between the volume of voids (VD) in a representative 
volume of material (V) (Equation 5-3). Alternatively, the ratio between the area of voids (AD) that 




	 	  
Equation 5-3: Damage calculated based on voids in defects in a representative volume or area 
According to Lemaitre [44,141], the average damage experienced by a material can be calculated 
indirectly by using the changes between the material modulus of elasticity (Eo) and the modulus of 
elasticity during unloading (Eu) (Equation 5-4). Load-unload has been used repeatedly in the literature 
to measure damage in polymers [166,209,286,287]. 
 
1  
Equation 5-4: Damage as a function of changes in modulus of elasticity 
In addition to changes in modulus of elasticity, variations in effective stress can also be used to 
determine the amount of damage that a material has sustained. If all defects are open such that there are 
no forces acting on the surfaces of the defects, then an effective stress ( ) can be related to the ultimate 
strength of the material ( ) and therefore damage (Equation 5-5) [141]. 
1  
Equation 5-5: Damage as a function of changes in effective stress 
Although the literature reports the effects of damage in adhesive joints such as changes in fatigue 
performance [288,289], crack growth prediction [37], strain fields in patched repairs [290,291], and 
failure analysis of joints [292]. The material is typically link to specific industry applications 
(composites and composites repair for aerospace [293–296], wind energy [297], boat construction 
[298], pipe industry [299]) or with the development of health monitoring techniques for field service 
assessment [300–303]. However, there is paucity of information regarding quantification of the actual 
damage that the previously described mechanisms (plastic zones at crack tips, particle cavitation, and 
shear banding) can introduce in actual structural adhesives. In the present study, damage was assessed 
using bulk samples made from a structural epoxy adhesive by applying uniaxial tensile deformations, 
enabling both direct and indirect measures of damage. The bulk specimen surfaces were observed using 
an opto-digital microscope while under tensile loading to determine the causes for the strain whitening 
and to evaluate observable damage in the material. Damage from traditional indirect measurements 
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such as changes in modulus and changes in effective stress were used for comparison and to evaluate 
damage from the optical observation. 
 
5.3 Experimental methods 
5.3.1 Material and specimen geometry  
A thermoplastic (Methyl Methacrylate-Butadiene-Styrene, MBS) toughened two-part epoxy adhesive 
(DP-460NS, 3M, Minnesota) (Table 5-1,) was used to investigate damage evolution under quasi-static 
loading. Epoxy sheets, 3mm in thickness, were manufactured by casting the adhesive material between 
two glass plates followed by oven curing at 70°C for two hours [192]. The tensile sample geometry 
(Figure 5-1) consisted of a grip zone and a gauge section, 3 mm in width and 12.5 mm in length. The 
samples were machined from the cast sheets and tested in uniaxial tension. The tested geometry has 
been used in previous work [248,279] and demonstrate tensile behavior comparable to that of the 

















 @ 0.002 s-1  
1200 2.52≤0.34 0.41 39.03≤3.56 
Table 5-1: Mechanical properties of DP-460NS adhesive [279] 
 
5.3.2 Microscope observations 
Two specimens were loaded in tension to specific strain levels (Table 5-2, Figure 5-2) using a tensile 
load frame and were observed using an optical digital microscope (ODM) (Keyence VHX-5000, 
Keyence, Japan). The specimens did not have any previous preparation (Figure 5-1, top right hand) and 
the illumination setting was fixed for all observations (~75% brightness). A region of the material with 
an easily distinguishable feature for identification was selected to enable observations at high 
magnification (> 500x). The region incorporated the entire width of the specimen in the gauge section 
(3mm) and a length of 1mm. Although the length of the image was limited by the capacity of the ODM 
to stitch images, the proposed area was large enough to capture the features evolving on the surface of 
the material due to the damage processes at the microscopic level. The image length was in agreement 
with the projection of a representative volumetric element (1 mm3) that could capture the average 
damage process in polymeric materials as proposed by Lemaitre [141]. The strain levels selected 
allowed for observation of the material in four key regions of the strain-stress response: elastic, pre-
yield, post-yield, and just prior to ultimate failure (Figure 5-2, square points). The yield was assumed 
to correspond with the extrinsic yield point (Figure 5-2, triangle point), which was determined using 
Considères construction [79].  
 
Measurements made on the observed surfaces were then used to determine the initiation of strain 
whitening. Changes in images, quantified with the aid of image-processing techniques was used to 
indirectly determine damage in the material. Additional observations at the surface of a polished sample 
under tension, and at the shear-banded region of a fractured sample close to the fracture plane were 











1 0.10 0.008 
2 0.30 0.024 
3 0.55 0.044 
4 0.83 0.066 
Table 5-2: Applied strain to samples for observation under the ODM microscope 
 
Figure 5-2: DP-460NS quasi-static tensile response with observation points used for microscopy 
study 
5.3.3 Image processing  
Image segmentation was used to identify changes caused by strain whitening on the material surface 
while under tensile load. In the segmented images, white pixels can be considered as features of interest 
on the surface (defects, cracks, or changes from what is considered as the regular appearance), while 
the black pixels describe the background (non-strain whitened material in this case). For the image 
segmentation procedure, a fixed area of interest (AOI) was isolated on the observed surface at high 
magnification (500x). To assure that the same AOI was always studied regardless of strain; three 
features on the surface were used to define the corners of a rectangular area. The feature could be a 
crack, an inclusion or any other noticeable item on the surface image. The same features that defined 
the original AOI were selected in the captured images for a given sample once deformation was applied. 
 
 86 
For each AOI image, the file was first converted into an eight-bit binary image, and then, segmented to 
separate features of interest (i.e. cracks, regions of stain whitening and shear bands) from the 
background. Segmentation requires the use of a threshold value, which can bias the results. For 
procedure consistency, segmentation was done using the IsoData algorithm included with Image J 
[304]. The IsoData algorithm was selected due to the automatic threshold implementation using 
histograms [305] and the good rankings (quality of results) that it achieves in different surveys [306–
308].The implementation uses an optimal threshold to separate the image pixels into two different 
classes (object and background). The threshold initial guess is calculated by selecting a region of the 
image (its four corners) that is most likely to contain only points of the same class (background). The 
pixel values are averaged to obtain the initial threshold guess. A new threshold is calculated by 
averaging the integration of the values above and below the previous threshold. The process continues 
iteratively until the threshold value does not change any more. The image is then segmented into two 
separate classes using the optimized threshold value. Quantification of the number of black and white 
pixels after image segmentation determined the relative changes on the material surface. The ratio 
between the white pixels and the total amount of pixels was used to indirectly capture damage base on 
the surface changes from load point to load point 
5.3.4 Traditional measures of damage 
Damage was quantified using two traditional mechanical measures: changes in modulus of elasticity 
and effective stress during uniaxial tensile loading and subsequent unloading. The resultant stress-strain 
curves were used to calculate the material modulus of elasticity and to monitor the changes in effective 
stress. Load-unload measurements used the same test sample geometry as for the microscope 
observations. A universal hydraulic test machine with a calibrated load cell (Omegadyne model LC-
412-500, Omega, Connecticut), a custom software control loop (LabVIEW, National Instruments, 
Texas) and an electronic controller (MTS FLEX, MTS, Minnesota) were used for the load-unload 
testing. The control loop made it possible to initiate the cycle at a fixed initial load point, strain the 
sample to the desired level and then unload the sample back to the initial load point, all under the same 
constant strain rate (0.002s-1). Digital Image Correlation (DIC) [163] software (VIC-2D, Correlated 
Solutions [225]) was used to measure the test specimen strains using an optical extensometer. Images 
were captured using high-resolution DSLR cameras (NIKON D3200, 24.7 MP 23.2 x 15.4 mm CMOS 
sensor, Nikon Corporation, Japan), with a macro lens (SIGMA 105 mm 1:2.8 DG MACRO HSM, 
Sigma Corporation, Japan) and LED illumination (Lumahawk, AADYN technologies, North Carolina). 
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Camera and illumination settings were fixed at the same value during the entire test (F8, 1/80 and ISO 
1600 for the camera; 95% intensity with 25% temperature for the light source).  
 
During load-unload testing, half of the gauge length of the test sample in the front view included a 
speckle pattern (Figure 5-1, bottom right hand) for monitoring strain on the surface of the material using 
the DIC. The uncoated half of the specimen permitted simultaneous macroscopic observations of the 
strain whitening changes. The load-unload procedure was conducted by loading the testing sample in 
tension up to a specified level of strain (displacement control) followed by an unloading cycle 
(displacement control with load monitoring). In between load cycles, the sample was taken out of the 
grips and the geometrical dimensions measured; this was done for two reasons. Firstly, this method 
ensured that the sample was unloaded entirely when reference measurements were made. Second, this 
allowed to account for permanent deformations, and adjust the applied strain for the next load cycle. In 
this manner, the total amount of applied strain at each cycle was consistent with the first loading. This 
ensured that no additional damage was introduced. The load-unload cycle was then repeated twice more 
for a total of three repeats for each test condition. At the beginning of each cycle, the sample was 
preloaded with a force of 10N to assure proper alignment and eliminate any slack in the grip. Due to 
equipment limitations in displacement control, caused by the control loop, the applied strain values for 
load-unload (Table 5-3) were slightly different from those used for microscopy (Table 5-2). Regardless 
of this limitation, the applied amount of strain for each load-unload condition correctly reflected three 
of the regions of interest used for the microscopic observations: linear-elastic, before yield, and just 










A 0.008 0.60 0.013 
B 0.024 0.90 0.020 
C 0.044 1.64 0.070 
D 0.066 2.10 0.080 
Table 5-3: Target strains applied during load-unload testing 
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When calculating damage using the stiffness of the material (Equation 5-4), the initial modulus of 
elasticity (Eo) was determined from the average of the first load cycle in the tested specimens at a 
particular deformation. The damaged modulus (Eu) corresponded to the average modulus measured 
during the first unload cycle for a given level of deformation. This follows the traditional convention 
for the measurements of damage in materials when using the modulus of elasticity [141]. The material 
modulus of elasticity was determined using the method described in ASTM E11-04 [238]. As 
previously mentioned load-unload has been investigated in the literature to quantify damage in 
polymers [166,209,286,287], but viscoelastic effects can present challenges when applying this 
methodology to polymers. Microhardness data [279] and a side study (Appendix C1), demonstrated 
that, for this particular material, long term visco-plastic effects were not significant. To minimize strain 
rate dependencies and viscoelastic effects, the load-unload cycles were carried out under quasi-static 
conditions. Viscoelastic effects on the recovery portion of the unload cycle were initially considered as 
non-significant; however, the validity of this assumption was investigated by measuring the load 
response in subsequent load cycles. 
 
When calculating damage from the strength data (Equation 5-5), the first measure of strength (first load 
cycle) and the last measure of strength (third load cycle) were used to define the strength of the material 
( ) and the effective stress ( ), respectively. For strain values above the extrinsic yield (e> 0.02), three 
load cycles were the maximum number of cycles that could consistently achieve the desired strain levels 
during testing. Therefore, this number of cycles was used to obtain data that could be subjected to 
statistical analysis. It was also assumed that after this small number of cycles, viscoelastic effects were 
eliminated and that the damage was stable. 
 
5.4 Results 
5.4.1 Macroscopic strain whitening observations on the surface of a tensile specimen 
During uniaxial load testing, the adhesive exhibited strain whitening (Figure 5-3). A qualitative 
assessment of quasi-static test images determined that as the tensile load was applied, at low strain 
(e§0.015), the material developed small areas of a lighter color compared to the base material. The size 
of these areas increased, and they coalesced with increasing strain (0.02 §e§ 0.03) evidencing further 
strain whitening in the material. The development of white areas started well before the end of the 
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elastic range (e~0.015) but the transition towards well-defined and oriented bands did not happen until 
reaching the maximum stress (45 MPa) and with strains well above 0.04, although the strains were still 
below the average strain to failure (e~ 0.10) at this point. Localization of strain whitening was noted 
around the fracture zone of failed samples.  
 
Figure 5-3: Strain whitening observed under tensile loading (0.002 s-1) 
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5.4.2 Microscope observations of test specimen surfaces under tensile load 
The material surface was observed under load using an opto-digital microscope. Initial observations at 
low level magnification (20 to 200x), identified that the observed strain whitening process along the 
gauge length of the specimen was similar to that observed macroscopically, although it was noted that 
initial surface changes at low levels of strain (e<0.01) were typically initiated at locations that included 
some sort of surface defect. The source of these defects can be attributed to stresses caused by the 
curing and casting process. During curing the epoxy needs to go from a liquid to a solid state; this 
transition requires to physically accommodate the constituents in a given volume limited by the casting 
setup all of which introduces stresses in the material. For large magnification imaging (500x, Figure 5-
4), the observations were concentrated in a small region of the test specimen gauge length. The typical 
crack evolution in the material (Figure 5-5, 1000x) can be described in the following manner: at low 
levels of strain (e<0.008, linear elastic region) the crack grew very slowly, from its original length of 
8.4 µm to 11 µm. At higher strains (e~0.024, at or just before yield), the crack grew to approximately 
five times its length (l~50 µm) due to opening under load and coalescence with other cracks present in 
the vicinity. At this level of strain, the material whitening developed in small pockets around the 
boundary of the crack (Figure 5-5, image B). With increased levels of strain (e~0.044, above yield), the 
strain whitening grew and spread through the observed surface (Figures 5-4 and 5-5 image C). With 
further increases in strain (e¥0.066, plastic region), the material transitioned to the formation of well-
defined shear bands at a rough orientation of 30° relative to the vertical axis. Geometrical 
measurements, such as length and width, were made for a crack feature in two individual specimens 
(Table 5-4); the observations also included calculations for the resultant stress concentration factor k 
(Column 7, Table 5-4; Equation 5-1) and the stress at the tip (Column 8, Table 5-4). 
Additional optical observations were made on the material using the ODM. On a polished sample 
(Appendix C, Figure C2-1), light scattering was detected at a particle (Diameter ~ 167 µm). The color 
change initiated within the particle and eventually extended beyond the particle boundary towards the 
epoxy matrix. The observed color change at the particle, which evolved with the strain load may be 
identified as cavitation. 
ODM observations inside the shear band region after failure (Figure 5-6, top right hand) demonstrate 
the presence of a birefringent surface not observed in the unloaded and undamaged material (Figure 5-
6, left hand). Micro-cracks (1 to 5 µm in length and less than1µm in width) and circular particles 3 µm 
to 20 µm in diameter) were observed in the shear-banded region (Figure 5-6, bottom right). Micro-
voids on the surface (§1 µm) were also present. The propagation of micro-voids and micro-cracks seem 
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to be roughly oriented between 36 and 55°. Typical shear bands macroscopic orientation was measured 
between 26º and 30º. The observed shear band surface at high magnifications (Figure 5-6, bottom left) 
resembled porous material and was similar in appearance to cavitated material in other rubber 
toughened epoxies [106].  
Although the fracture surface under SEM at various magnifications (Appendix C, Figure C2-2) 
resembles the typical appearance of a toughened epoxy with thermoplastic toughening [86], the 
morphology of the fracture resembles that of furrows and steps. According to Low and Mei [309], this 
type of morphology is evidence of crack growth and arrest, and it is similar to those observed in other 
toughened polymers [115]. No evidence of particle debonding, typically manifested by numerous black 












































0.000 0.0 8.4 ~1.0 0.1 19 0.0  
0.008 18.3 11.0 <2.0 0.1 22 402.0  
0.024 38.6 50.0 < 6.0 1.0 15 584.0 
Crack 
coalescence 
0.040 39.6 50.0 ~7.5 2.0 11 436.0  






0.000 0.0 26.1 2.3 0.1 33 0.0  
0.008 18.3 41.9 3.5 0.1 42 767.0 
Crack 
coalescence 
0.024 38.6 100.0 3.8 1.0 21 811.0  
0.040 39.6 100.0 2.3 1.0 21 832.0  
0.066 39.4 100.0 2.9 2.0 15 597.0  





Figure 5-6: Observations of shear banded material. From top left in the clockwise direction: 
undamaged material. Shear bands after quasi-static tensile failure. Shear banded region at high 
magnification. Cavitated particles, micro-cracks and porous surface texture. 
5.4.3 Tensile specimen surface, microscopic image analysis  
Image segmentation was used to isolate the optical changes on the material surfaces resulting from 
material damage (i.e., color changes on the surface due to crack opening) caused by the applied strains. 
In the segmented images (Figure 5-7), the background (black pixels) can be considered as original 
unchanged material, while the white pixels identify changes on the material surface. The number of 
black and white pixels in the images was monitored and provided a way to quantify the evolution of 
features on the material surface (Table 5-5). Additionally, the changes in overall AOI dimensions were 

























0.00 402.1 1,474.5 0.000 0.000 30,112,881 3,417,231 0.10 0.00 
0.10 438.2 1,555.1 0.090 0.055 30,468,682 4,075,958 0.12 0.02 
0.30 512.4 1,836.1 0.274 0.245 29,660,711 4,155,865 0.12 0.02 
0.55 440.0 1,595.3 0.094 0.082 26,053,675 7,632,821 0.23 0.12 






0.00 424.7 1,550.8 0.000 0.000 27,515,737 2,103,463 0.07 0.00 
0.10 591.4 2,112.1 0.393 0.362 26,452,977 3,831,823 0.13 0.06 
0.30 537.3 1,930.6 0.265 0.245 26,607,276 3,863,892 0.13 0.06 
0.55 449.8 1,537.5 0.059 -0.009 26,594,626 4,661,438 0.15 0.08 
0.83 464.4 1,536.8 0.093 -0.009 22,351,204 9,533,084 0.30 0.23 
Table 5-5: Image binarization results at the AOI 
Nucleation, opening, and coalescence of cracks caused surface changes, which manifested as whitening 
in the material. In addition, the presence of cavitation in large particles (diameter¥ 170 µm) was 
detected on a polished surface and inside particles within the shear-banded material (Appendix C, 
Figure C2-1). It could be possible, therefore, to obtain an empirical measure of damage. Changes 
between the segmented images could be construed as representative of the damage processes in the 
material, as observed on the free surface of the test specimen. The ratio between the white pixels and 
the total amount of pixels were used to represent the surface changes from load point to load point 
(Table 5-5, Column 9). Given that, the initial image contained features represented by white pixels; this 
initial value was subtracted from the calculated ratios to provide a measure of damage for each observed 
image (Table 5-5, Column 10). Using this empirical calculation, the predicted damage ranges from 0% 
up to 20% at the highest tested strain. Although there were changes in the AOI size from load point to 
load point, the total amount of pixels used for analysis was relatively unchanged (~ 3% in average), 
and it was considered that no significant error was introduced in the damage calculations. 
5.4.4 Changes in modulus of elasticity and strength for load-unload and load-reload  
At low strains in the elastic region (e§0.01, Figure 5-8, top), there was no strain whitening, and the 
material responded in a linear-elastic manner for all three load cycles. Prior to the extrinsic yield 
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(e~0.02, Figure 5-8, second diagram from the top), incipient pockets of whitened material were 
observed, with a small change in the elastic response between cycles (6%), although the whitened 
material was more noticeable under magnification. At the next strain level (e~0.07, Figure 5-8, second 
diagram from the bottom), development of strain whitening was easily distinguished in the material. 
For this level of deformation, subsequent load events demonstrated a reduction of the linear-elastic 
region extent (from ~30 MPa at a strain of ~ 0.018 to ~12 MPa with a strain §0.01) followed by non-
linear behavior. At strain levels closer to failure (e~0.11), the strain whitening propagated along the 
entire gauge length, and well-defined shear bands were recognizable at this stage (Figure 5-8, bottom 
diagram ). The strain whitening process during load-unload was comparable to that described for a 
sample under tensile load until failure (Section 1.4.1 and Figure 5-3). Damage effects were also noted 
in the stress-strain response at high deformations: non-linear behavior in the unload portion of the load 
cycles; and changes in modulus of elasticity between the end of a cycle and the start of the next. 
Additionally, changes in the material strength between the first load cycle and the next were observed 
for strains beyond the extrinsic yield (e>0.07).Load-unload and load-reload measurements were made 
for the adhesive. The modulus of elasticity was calculated [238] from the experimental data for both 
the loading and unloading portions of the response. In general, the measured modulus of elasticity was 
well fitted to a linear response. The calculated coefficients of determination (r2) were 0.99 on average 
(Appendix C, Table C3-1 to C3-4). During unloading, the entirety of the measured response was 
considered. For the calculated modulus values in this region, the coefficient of determination fluctuated 
between 0.97 and 0.99. For all cases, the statistical coefficients comply reasonably well with the limits 
required by the standard: coefficient of determination (r2=0.99) and coefficient of variation (V1§ 2%).  
Changes in the modulus of elasticity values between load and unload cycles were detected with 
increases in strain (Figure 5-9). The modulus values are presented using box-whisker plots. Each box 
includes a horizontal white line to depict the mean value, black bars for the upper and lower fences, 
and 75% and 25% quartiles limit the box. The top row of graphs in the figure depicts the loading portion 
of the cycles, while the middle row summarizes the unload part of the experiments. At the two lowest 
strains tested (Columns A and B in the figure) there were no statistical differences in the data, but for 
strains greater than 0.069 (Columns C and D) there was a statistically significant change in stiffness (P-
Value §1.7x10-6, T-Test 95% confidence). The change can be described as a reduction in material 
stiffness between the first load and the first unload (~37.6% on average). After first unload, the 




Figure 5-8: Typical load-unload curves and specimen images during load cycles 
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differences in the recorded mean value of the unload slopes were not statistically significant (T-Test 
95% confidence).Changes in stiffness between the successive loading portions of the cycles were also 
noted (Figure 5-9, first row, Columns C and D). On average, the typical decrease in stiffness between 
the first load and second load was 17%, while the stiffness decrease between the second and third load 
cycles was ~5.7%. Since there was a difference in the modulus of elasticity between first unloading 
(~1.17 GPa) and second load (~1.55GPa) in all cycles that include plastic deformations, the data suggest 
the presence of a short-term viscoelastic effect that induces recovery in the material. This viscoelastic 
recovery was no longer present after the second load cycle. 
According to the stiffness data using first load (Eo) with first unloading (Eu1) in the traditional manner 
(Figure 5-10 left hand), no damage was present at the very low strains of the elastic region (e<0.013). 
At strains around the yield point (e~0.02), the damage was calculated as approximately 10%. For strains 
between the yield point and the first plastic deformation used (0.02 § e § 0.07), there was a sudden 
increase in damage, but the value stabilized at ~35%. Although the amount of average damage was 
unchanged at the next strain level (e~0.10, D~35%), there was a larger spread in the data; the upper 
fence value (D~47%) was higher than in the previous deformation point (e~0.07, D~40%). For strains 
above 0.069, it was considered that the material had damage saturation and no further increases in 
damage could occur. Although it can be said that saturation was caused by the applied number of cycles, 
the statistical analysis of the stiffness measurements does not support this, since: 
1. The measured average stiffness between the second and third load cycle (Figure 5-8, top row), 
were statistically similar. 
2. No statistical differences were detected in the unload stiffness between the first unload and 
subsequent unload cycles for the same amount of strain for any applied strain (Figure 5-8, 
middle row). 
It can be concluded then, that the saturation was due to the applied strain level alone during the first 
load cycle. 
Changes in measured strength were also quantified during load-unload cycles (Figure 5-9, bottom row 
of graphs). No changes in strength were detected in the elastic region (e~0.013). At strains near the 
extrinsic yield strength of the material (e§0.02), there were no statistical differences (T-test, 95% 
confidence). At strains higher than the yield of the material and in the plastic deformation zone 
(Columns C and D), the detected changes in average strength were not statistically significant either. 
The lack of statistical significance was attributed to the large variability in the measured data (≤6.3 








Figure 5-10: Calculated damage in the material  
Since no fatigue effects were detected from the changes in modulus of elasticity, it was reasonable to 
assume that the changes in strength were caused by damage alone, and that the damage was induced in 
the material with the first deformation cycle. Variations between cycles can be explained by 
stabilization of damage. Damage was calculated using the difference between the measured strength in 
the first and third cycle. The damage evolution picture presented by the strength calculation (Figure 5-
10, top right) was very different from that depicted by the changes in modulus of elasticity during load-
unload. At low strains (<0.01) there was no damage, and the calculated value increased slowly with the 
increasingly applied strain. The damage value did not grow beyond 15–18% on average. 
 
Damage values from the changes in microscopic surfaces were included for comparison (Figure 5-10, 
bottom left). Although it would be ideal to have a more significant sample size for statistical analysis 
(i.e. additional observations using more samples), the calculated values at the different strain levels 
were in agreement with the calculated damage from changes in strength. The damage values calculated 
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from the changes in surface pixels were typically within one standard deviation of the average of the 
damage data from changes in strength.  
 
The traditional damage calculation included viscoelastic effects in the unload portion of the cycle thus 
the calculated damage values overestimated the actual material damage. This viscoelastic effect was 
noticed as a recovery in the modulus of elasticity between first unload (1.17 GPa) and the second load 
(1.54 GPa). Damage calculations were repeated using the modulus of elasticity of the second load cycle 
(El2) to eliminate the viscoelastic effects (Figure 5-10, bottom right). In the linear-elastic portion of the 
material response (e=0.013) the recalculated damage value (~6%) was small and could be attributed to 
the statistical variations in the elastic modulus. At the next level of deformation (point B, e=0.019), 
meaningful damage data was not calculated (D<0) but for a single value of 10%. In the plastic 
deformation region (points C, e= 0.067 and D, e=0.101 ), the average damage was 16% and 19% 
respectively although there was much more variation at the largest strain tested (point D,≤ 9.1%) 
compared to the variation after the first onset of plastic deformation (point C, ≤5.2%). The maximum 
damage value in the region of plastic deformations was 38.3% (upper fence, point D). The calculated 
damage figures using load-reload also describe damage saturation in the material during plastic 
deformation. The average damage values using load-reload, which minimize viscoelastic effects were 
in good agreement with the damage values calculated from strength variations and microscopic optical 






± one std. dev. 
Damage Δσ 








± one std. 
dev. 
0.000 0.00 0.00 0.00 0.00 
0.013 0.00 0.06≤0.01 0.04 0.03≤0.06 
0.019 0.06≤0.04 0.11≤0.08 0.04 0.10 
0.069 0.34≤0.05 0.13≤0.06 0.10 0.16≤0.05 
0.101 0.38≤0.06 0.15≤0.07 0.21 0.17≤0.08 





5.5.1 Microscope observations and optical measurements on the specimen surface 
The microscope imaging demonstrated that the material developed strain whitening under load, 
followed by the development of shear bands. Of importance is the fact that the polished surface 
observation demonstrated micro-cracking and whitening inside and around an embedded particle (~165 
µm in diameter), confirming the presence of cavitation like behavior with increases in strain. SEM 
analysis revealed the existence of a mechanism for crack arrest, as evidenced by the presence of furrows 
and steps. The images also discarded the possibility of particle debonding since there was no significant 
evidence of concave regions with circular or ellipsoidal perimeters with a diameter roughly equal to 
that of the embedded particle used for toughening. Observations inside a shear-banded region at high 
magnification demonstrated a porous like surface appearance and the presence of micro voids. Such 
descriptions are similar to those of cavitated particles in rubber modified epoxy resins as presented by 
Yee and Pearson [106]. Therefore, it can be assumed that cavitation was the primary damage 
mechanism in the material. It was possible to calculate the theoretical stresses required to initiate strain 
whitening by cavitation (Equations 5-1 ) and to compare those values against the stress concentrations 
calculated from the measured crack feature in the microscope images (Table 5-4). One limitation of 
this approach is the fact that the calculations (Equation 5-1) describe a volumetric process while the 
approximated stress values used a free surface. We considered that the stress field on the free surface 
was representative of the stress field in the surrounding material. 
 
Equation 5-1 predicted a stress value to initiate a cavitation process in the order of 120 to 360 MPa (for 
particles between 1mm and 0.5µm in diameter and assuming E~120 MPa). However, the stress range 
for cavitation can be affected by the chemical composition of the toughening phase. For example, the 
required cavitation stresses for butadiene particles (E~1-2 GPa) predicted by Equation 5-1, could be in 
the range of 1000 to 6000 MPa while cavitation for silicon rubber (E~1 MPa) [310], can occur at 
stresses as low as 1 to 3 MPa.  
 
An average of the crack tip stresses (Table 5-4, Column 8) was used to approximate the stress field 
around areas of stress concentration. The calculated average (402 MPa) is certainly high enough to 
satisfy the stress state that can promote internal cavitation (Equation 5-1, 120-360 MPa). As further 
verification, a balance calculation (Appendix C-4) between the strain energy and the energy required 
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for a phase transition (from solid to viscous), also predicted that material cavitation was possible. 
Although Equation 5-1 and the balance calculation are in agreement, this only serve as a first 
approximation. It has to be acknowledged that the calculated stress values are high for polymers, in the 
order of 400 MPa, and comparable in magnitude to that of the yield in metals. A fracture mechanics  
analysis using the stress intensity factor and the derived stress field around a crack tip, may provide a 
better insight into this problem. This will be consider for future analysis. Even though the proposed 
analysis is limited, of importance is the fact that even at low strains (e~0.008, well within elastic 
deformation), the stress concentrations in the material adjacent to a crack as a small as 11 µm in length 
and with a tip radius less than 2 µm, can be high enough to start the cavitation process in particles with 
diameters larger than 0.5 µm. The small amount of detectable whitening (surface change § 13%, Table 
5-5) observed in the material under high magnification, provides supporting evidence for strain 
whitening initiation at low levels of load. As a contrast, the variations in stiffness from load-unload did 
not detect any damage at low strains, but this can be explained by lack of sensitivity and differences in 
scale between the two methods.  
By using image processing during the formation of shear bands, it was possible to determine that the 
initiation of the shear bands corresponded to areas where strain whitening and crack growth was present 
(Figure 5-11). From the analysis in the measured data, the stress at the crack tips was high enough, 
compared to that of the surrounding material, to cause cavitation, develop plastic zones and induce 
differences in gradients that later on, could favor the formation of shear bands. The local average strain 
measurement in the AOIs (Table 5-5, Columns 4 and 5), when compared against the applied average 





Figure 5-11: Pockets as precursors for shear bands 
5.5.2 Changes in modulus of elasticity in the material 
At strains well below the yield point and in the linear-elastic region, no statistically significant (T-test 
95% confidence) changes in stiffness between load cycles or between consecutive load and unload 
could be detected, demonstrating that no damage was induced in the material. With increases in strains 
up to around the yield point (e§0.02), no statistically significant changes in stiffness could be detected 
either. In this strain region, insipient strain whitening was the only phenomenon detected in the material 
although not enough damage was induced to cause noticeable changes in stiffness. With further increase 
in strain and within the initiation of plastic deformations (0.02<e§0.07), a significant drop in stiffness 
(Figure 5-9, Column C) between the first load cycle and the subsequent second load cycle was measured 
(18% drop) but no changes in stiffness between the second and third load cycles. P-values much smaller 
than 0.05 (0.0054 and 0.0028, T-Test 95% confidence) pointed to the statistical significance of the 
initial change. Strain whitening was the dominant phenomenon detected in this region, and the opening 
and propagation of cracks besides particle cavitation could account for the softening of the material 
response and the calculated damage. For strains well beyond yield of the material and with significant 
plastic deformation (e¥0.07), no additional drop in the stiffness was detected, but the material showed 
a significant transition towards shear banding. At these levels of strain, there were two distinct 
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responses in the unloading curve (Figure 5-12). The first portion of the unloading was stiffer (dashed 
red portion), followed by a transition to a lower stiffness (dotted blue portion). It can be noticed that 
the respective values for modulus of elasticity (red whisker box and blue whisker box, Figure 5-12 
bottom part) were quite distinct among each other and significantly different from the modulus of 
elasticity measured in the undamaged material (light gray, Figure 5-12 bottom part). 
One possible explanation is that the observed behavior can be explained in terms of chains and 
molecular structure in polymers. At low strains, the material first exhausts easily breakable Van der 
Waals bonds; this allows the polymeric chains to slip and rotate among each other, and then micro-
cracks open to accommodate the deformations. This initial description of the deformation process was 
derived from basic principles in regards to atomic bonds [311], the basic molecular structure that can 
be used to describe polymeric materials [312] and descriptions by authors like Bowden [79], Argon 
[14] and Boyce [17,313]. With further straining, the material develops more openings, although they 
are governed by particle cavitation and/or development of localized plastic zones; eventually, the 
material transitions towards shear banding due to the high stress gradients that develop between cracks. 
The development of high stress gradients between cracks has been previously reported in the literature 
[314,315], as well as the transition between cavitation and shear banding in reinforced polymers with 
elastomeric materials [73,108]. While this is happening, further chain slipping occurs and eventually 
the covalent bonds that interlink chains need to be broken to allow further deformation. In the end, the 
chains are uncoiled and aligned, and only strong crosslinks that interconnect the main chemical 
compounds inside the chains are available to support the loading prior to final fracture. When the load 
direction is reverse just before fracture, the material needs to re-accommodate all the strong bonds first. 
Hence the brief stiff response detected. Once the principal bonds are repositioned, the unloading process 
needs to close openings and slide chains relative to one another, which is a process that requires much 
less force. This process matched the observed behavior described in Figure 5-12. In this figure, with 
the increase in strain and load cycles, the stiffness to return the material back to the unload condition 
increased, but this was followed by a constant softer portion in the unloading process. For both portions 
of the unloading curve the coefficient of correlation was very high (0.97 to 0.98), therefore they can be 
independently described by linear regression, although the calculated coefficients of variation increased 





Figure 5-12: Unload response differences in modulus of elasticity 
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5.5.3 Calculated material damage  
A series of load-unload cycles to determine changes in modulus of elasticity were conducted. The data 
provided a baseline measure to qualify the observed changes in the material surface during uniaxial 
tension. Damage was calculated for all experimental methods (Figure 5-10 and Table 5-6). The damage 
process can be accurately described with the use of sigmoidal functions.  
 
For the changes in stiffness with load-unload (Table 5-7, first row; Figure 5-13 blue solid and dot 
markers) the sigmoidal curve predicts a damage value around 40% for saturation. The damage starts 
developing when the strain reaches a value in the plastic regime of deformation (e=0.04) and grows 
very quickly.  
 
Damage calculated from the strength increased up to a value of 15 to 18% on average and a calculated 
maximum of 22%. The calculated damage can also be represented by a sigmoidal function (Table 5-7, 
middle row; Figure 5-13 red dashed with square markers). In principle, both methods (stiffness and 
strength) should predict similar results. In this situation, the discrepancy can be explained by the 
presence of a short-term viscoelastic effect. Once the viscoelastic effect was considered, by modifying 
the damage calculation with the use of the stiffness value of the second load rather than the first unload, 
the calculated average damage was 16 to 19%, with a calculated maximum of 38%. The calculated 
damage excluding viscoelastic effects was also well described in terms of a sigmoidal function (Table 
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Figure 5-13: Damage data average values vs. sigmoidal functions (Table 5-7) 
The damage predicted by changes in microscopic surface could not be fitted to a sigmoidal response 
(Figure 5-13 black solid line and triangle markers). More sample points that can better describe the 
spread at each strain point may be required to fit a proper curve to this data. With the current information 
the behavior is well described by three different linear regions. Nevertheless, the values align well with 
the measurements from changes in strength and the corrected calculation for stiffness at low strains 
(e=0.01) and high strains in the plastic region (e>0.07) although is not possible to infer, from the data, 
the actual saturation detected by the other methods.  
From the microscope observations and the measurements of stiffness and strength, crack opening, small 
plastic zones and cavitation emerged as the most likely and significant damage mechanisms in the 
material up to well with-in plastic deformation (e§0.07). At higher strain, the formation of shear bands 
was more significant. Shear bands cannot be classified under the traditional definition of damage 
(opening and coalescence of voids); however, there was optical evidence of the presence of micro-
cracks, micro-voids and cavitated particles inside the shear-banded regions. In addition, it is necessary 
to consider that the shear-banding process influenced the material stiffness during the unloading 
response. The impact was more significant at the last stages of deformation, prior to failure in the 
material.  Traditionally, shear bands are oriented at 45°; in the observed surfaces, the shear bands were 
oriented between 30° and 40°. It is possible that the presence of micro-cracks and particle cavitation in 
the disperse phase and/or the chemical composition and chain structure of the material influenced the 
shear band orientation, but determining this with certainty would require further investigation. 
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However, Yee and Pearson [106], reported that variations in shear band orientation from 45º could be 
expected due to the presence of plastic zones and dilatation.  
 
5.6 Conclusions  
A toughened structural epoxy adhesive (DP-460NS 3M, Minnesota) was used to measure damage 
developed during uniaxial tensile loading at different strain levels. Microscope observations confirmed 
that the material developed strain whitening due to crack opening and particle cavitation and these 
mechanisms were followed by shear banding in the later stages of deformation (e> 0.04). The shear 
banding developed from areas that were initially strain whitened. Crack features were monitored and 
measured during the deformation using microscopy. Typical crack lengths grew approximately 10 
times in size (from ~10 up to ~100 µm) while the crack width was relatively constant and rarely grew 
larger than 10 µm. The crack length and tip radius were used to calculate stress concentration factors. 
The average stress concentration factor (~20) was in good agreement with those proposed by Patterson 
(~25) and comparable to those (10 to 50) that can be expected by a polymer that crazes as described by 
Gent. Patterson’s theoretical stress concentration value is a good rule of thumb still applicable today 
for modern epoxy adhesives. However, the calculated levels of stress using stress concentration are 
high for polymeric materials, the analysis needs further review using fracture mechanics principles. 
Nevertheless, the low range of concentrated stresses in the test samples (300 to 400 MPa) were in 
relative agreement with Gent’s theoretical stresses to initiate cavitation in this material (120 to 360 
MPa), although the range values from Gent’s approximation are highly dependent on the exact value 
of the modulus of elasticity used for the calculation.  
Importantly, it was possible to cause cavitation at relatively low levels of stress (~10 MPa), which is 
well within the elastic response of this adhesive material. Although the initiation of strain whitening 
can be influenced by many factors (e.g., chemical composition, associated state of stress) and may not 
be extrapolated as a general behavior of all toughened epoxies, potential damage in the adhesive at low 
levels of stress can change the assumed integrity, performance and life expectancy of bonded 
components. This is yet another complexity that needs to be evaluated when using structural adhesives. 
 
Traditionally, damage measurements are conducted with load-unload testing. This method proved to 
be effective if the viscoelastic effects are considered. This type of test required the use of multiple 
samples and was time-consuming for both physical testing and data processing. Further, the 
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measurement of the modulus was made along the gauge length of the tested samples with a virtual 
extensometer. Although large gradients were not detected in the DIC results, this approach can only 
give an average representation of the damage in the material because it does not consider localization 
phenomena or the changes that occur around the final fracture zone. For materials with large 
localizations, the damage distribution along the gauge length will be required to characterize the 
damage process adequately. Microhardness has been explored for this task [279], but it has limitations 
as the micro-indentations will introduce deformations and additional stress concentrators in the material 
surface that could skew damage measurements between load cycles. In this work, the changes in 
material surface (strain whitening and shear banding) were directly linked to damage using an empirical 
method. The damage was approximated by measuring the changes in image pixel ratios after image 
segmentation. The calculated damage values were within one standard deviation of the average damage 
calculated from changes in effective stress. Although the empirical optical method can be used to 
characterize damage evolution at different locations along the gauge length, implementing this is not 
practical. The measurements must be conducted in a small area of the material (field view limitation of 
the microscope) at a specific time in the load history and could require extensive periods of time to 
complete any image capturing required, which in turn introduces the potential for creep. A natural 
progression of this work will be the development of an optical method using macroscopic images to 
continuously measure damage along the specimen gauge length. 
 
Changes in modulus of elasticity and the effective stress in the material were monitored between 
loading cycles. Changes in stiffness were linked to the presence of strain whitening as well as shear 
banding. Although the damage calculated using the changes in effective stress was substantially lower 
(D~18%) than predicted by traditional changes in stiffness (D~35%), the differences were reconciled 
by accounting for short term viscoelastic effects. The damage figure was recalculated using the load 
and reload slope (D~19%). This last value was in agreement with the changes in effective stress (D~15 
to 18%) as well as the microscopic changes in the material surface (D~21%). The differences in the 
stiffness of the material caused by viscoelastic effects could be of vital importance for constitutive 
models that incorporate damage in their formulation. The results indicate that, to predict the behavior 
of the studied adhesive (DP-460NS), the implementation of a constitutive model with damage needs to 
be capable of differentiating between load and unload scenarios. The observed types of behavior 
influencing the effective damage, which are the role of micro-cracks, plastic zones, and cavitated 
material, cannot be overlooked in the characterization of structural epoxy adhesives. 
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A natural progression of the microscopic observations is to quantify macroscopic measurements and 
potentially relate them to damage. Chapter 6 describes the development of a measuring technique that 












The success of lightweight multi-material assemblies depends on selecting appropriate joining 
techniques that can provide the expected structural strength and durability while delivering occupant 
protection during crash scenarios. Epoxy structural adhesives are important in the design of structural 
joints in multi-material assemblies. However, the effective design of adhesive joints requires 
mechanical data to support design and numerical modeling efforts. One set of particularly valuable data 
is the evolution of damage under loading. Damage data enhances the ability of constitutive models to 
predict the mechanical behavior of materials and in the case of adhesives, predict the performance of 
bonded structures under different load conditions such as crash scenarios and unloading. During tensile 
loading of toughened epoxy adhesive materials, damage can occur through different mechanisms (e.g., 
cavitation, crack opening, plastic zones, particle debonding, and shear banding). In many cases, the 
loaded material appears lighter in color when compared to the base material, known as strain whitening. 
In this study, the color change on the surface of a tensile sample was measured using image processing 
techniques. The changes in color were calibrated with the fraction of voids from the fracture zone, 
which is a direct measurement of damage in the material. This provided a method to indirectly 
determine the damage history of the bulk material as a function of loading. Results were compared 
against damage calculated using other traditional techniques such as damage from volumetric strains, 
changes in modulus of elasticity, and changes in microhardness. Damage measurements from the 
optical method ranged between 15 and 25% at failure, which was in agreement (15 to 21%) with most 
existing control techniques except for the damage predicted using changes in volumetric strains (8%). 
The discrepancy was due to limitations in both the volumetric strain technique and the digital image 
correlation used to measure the field strains. The volumetric measurements can only detect damage 
related to changes in volume, which doesn’t necessarily capture all the damage mechanism that can be 
active during loading. In addition to the numerical agreement of damage values between changes in 
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color and the traditional techniques, the implemented optical method can predict the location of the 
actual fracture zone, quantifying the damage level at different locations along the area of analysis, 
besides providing a continuous strain-damage curve. Strain-damage data is necessary to implement 
constitutive models that rely in concepts from damage mechanics to calculate changes in material 
stiffness and load carrying capacity, determine crack initiation and growth, or predict ultimate failure. 
 
6.2 Introduction  
A rational approach to transportation system design requires that the used structure be optimized for 
weight, due to energy efficiency efforts, while maintaining structural integrity and crashworthiness 
performance for occupant protection. The design optimization process generally leads to multi-material 
structures, where the challenges of joining different and possibly incompatible materials can be 
addressed with the use of adhesives [177]. Part of the optimization process requires finite element 
analysis where modeling developments using adhesives include elaborate parameters such as fracture 
toughness and damage[132], to better describe an adhesive material response to loading. Damage is a 
useful parameter to model ultimate strength, characterize the remaining strength of the adhesive 
material in a bonded component and to model unloading response. Damage data in adhesive materials 
is then a necessity and experimental methods that can quantify damage in a representative manner are 
required. 
 
A search of the current literature indicates that a variety of direct (CT-scan[40] and microtomy [44]) 
and indirect methods (changes in stiffness [44,45], microhardness [141,257,279], electric conductivity 
[141], infrared thermography [43]) are available to identify damage in materials. However, careful 
consideration needs to be given to which method is implemented. For example, CT scanning is 
expensive, not easily available and limited to events in which changes in the material happen within 
the scanning frequency of the machine. Changes in stiffness or changes in microhardness can be limited 
to discrete point measurements and in order to describe a continuous evolution of the damage process; 
the implementation can be time-consuming and require extensive testing, especially if changes in strain 
rate also need to be considered.  
Structural adhesives have demonstrated strain whitening during axial monotonic loading [279], and the 
changes in color have been linked to morphological changes in the surface of the material that were 
attributed to damage (Chapter 5); therefore, the use of an optical technique presents a practical method 
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to quantify the evolution of damage in real time. Optical techniques to measure damage based on the 
strain whitening phenomena are not new, although limitations restrict their applicability outside of 
research environments. Schirrer et al. [41] used laser light transmission to identify damage in 
polymethyl methacrylate (PMMA). However, the technique was limited to translucent materials and 
could only be applied to a small area of the material. Luo [175,176] demonstrated a procedure in which 
the morphological changes in PMMA (microcracks in the material surface) were successfully 
quantified to determine damage, but the measurement required an elaborate microscope setup and 
highly specialized computer subroutines were necessary for identification and measurement in the 
images. Strain measurements with extensometers (contact and optical) have also been used to determine 
volumetric changes and quantify damage in materials [46,47]. More recently, this method has been 
enhanced with the implementation of digital image correlation (DIC) [166,316]. Although the damage 
measurements with DIC can be of high quality (comparable to direct CT-scan measurements) and 
useful to test at different rates of strain [166], the implementation relies on the results of the image 
correlation. The accuracy of image correlation, and therefore the measured strains, can be impacted by 
a number of factors such as the applied speckle pattern [167,168], image resolution, optical distortions 
and out of plane motions [169,170], besides intrinsic systemic errors such as high order interpolations 
[171]. Additionally,  DIC analysis can be limited by decorrelation at large deformations (e>0.20) 
[172,173] or from temporal under-sampling of a rapidly evolving phenomena [174]. 
 
In this work, a macroscopic optical method to quantify damage is proposed. The optical technique, 
takes advantage of the changes in color caused by the scattering of light due to the opening of cracks 
and particle cavitation on the surface of the material, to quantify the damage. Development of this 
optical technique was done using a toughened epoxy (DP-460NS). Results were validated against 




Damage, most typically denoted by the letter D, can be understood as the quantification of some 
phenomena that determine when a material fails. In its most simple definition, it can be related to voids 
inside a material. Following this definition, as damage progresses with loading (voids increase in size), 
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less material carries the load until fracture and ultimate failure occurs. Such processes, that is the 
creation, enlargement, and coalescence of voids in a material, can be quantified in two manners 
(Equation 6-1) [141]: firstly as the ratio between the volume of voids (VD) and the volume of material 
considered (V); or, secondly, as a ratio between the area of all voids (AD) that intersect a plane and the 
nominal area of such plane (A). According to this approach, damage is then necessarily described by a 
real number that is bounded between zero and one. Typically, the value is reported as a percentage. In 
these boundaries, zero indicates no damage while one defines a failed material. However, materials 
may actually fail during loading before the damage reaches a value of one [141] . For example, Lemaitre 
[141] reported that steel materials fail when damage reaches a value of approximately 30%. 
 
	 	  
Equation 6-1: Definition of damage 
From an experimental point of view, damage is not a mechanical variable that can be measured directly. 
To obtain information that can quantify damage in the manner described by Equation 6-1, microtomy 
with high magnification microscopy [141] or CT scanning [40] can be used to directly measure and 
count voids resulting from damage. Most typically, indirect methods are used to measure damage. 
Indirect methods rely on measuring changes in a mechanical property prior to and after loading, to 
determine the level of damage in a material. As an example, Equation 6-2 describes damage as a 
function of the changes in modulus of elasticity. In this equation Eo denotes the modulus of elasticity 
in the undamaged material, while E* denotes measurements made after subjecting the material to 
loading [141]. Indirect methods also include measuring  changes in microhardness [44,257,279], 
changes in wave speed [44,317], variations in electrical resistivity [141,318] or changes in thermal 





Equation 6-2: Damage as a function of an indirect measurement 
Damage can also be determined indirectly by calculating changes in volume using strain field 
measurements. Since damage in its most elemental form is related with changes in volume, then such 
change in a representative volume element (RVE) can be detected with the use of the volumetric strain 
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(Equation 6-3). Tang [47] defined damage in terms of the relative change in volume (ΔV) and the 
original volume of material (Vo) (Equation 6-4) which can be algebraically manipulated to redefine 
damage in terms of strains (Equation 6-5). G’Sell [161] reported that this expression (Equation 6-5) 
matches reasonably well with damage from microscopic analysis in polyethylene. Balieu et al. [166] 
also demonstrated that the damage evolution resulting from a cavitation process could be described by 
accounting for the differences in true stress, which in turn can be defined in terms of the longitudinal 
and transversal strains. The resultant expression for damage is then identical to the expression in 
Equation 6-5.  
 
 




Equation 6-4: Damage as a function of changes in volume 
1 exp	  
Equation 6-5: Damage as a function of the volumetric strain 
6.3.2 Damage in polymers 
In polymeric materials, especially in toughened epoxies, particle debonding and cavitation, crack 
opening, plastic zones at crack tips and shear banding may occur during loading [107]. Cavitation can 
be described as the development of micro-voids in areas of softened material [109] (Figure 6-1, left-
hand top), and it is an energy absorbing mechanism. On the other hand, shear banding (Figure 6-1, left-
hand bottom) is an altogether different phenomenon in which the material develops bands at well 
defined angles [97,98]. Interestingly, for both cases, the material appears lighter in color when 
compared against the material before it has been subjected to load (Figure 6-1, right hand for two 
different epoxy adhesives). The different factors that determine how each one of these two mechanisms 
is initiated have been discussed in the literature but will be briefly explained here. 
In the case of cavitation, tensile hydrostatic stress causes a soft phase inside the material to form voids. 
Therefore, the development of small cracks and openings and in some instances craze-like behavior 
(crack openings stabilized with joining tendons) [73]. Since an opening is formed, the development of 
cavitation clearly corresponds with an increase in volume in the material but also with the creation of 
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damage inside the material. The small openings generated in the material can cause light scattering 
explaining then the change in color in the material. However, from a mechanical point of view, it is 
important to highlight that cavitated particles cannot always be considered to be equivalent to particle-
sized voids [320]. 
In the case of shear bands [111,321], this particular mechanism develops due to local variations in the 
strain field in which zones of amorphous material are stretched and permit to slide relatively to zones 
of more crystalline material. The concentrated displacement of material also causes light scattering, 
and these localized deformations (shear bands) are observed as well-structured zones of a different 
color compared to the original material. The nature of shear bands can be determined by many factors. 
Zebarjad [322] explained that inter-particle distance in toughened polypropylene can affect dilatational 
band (shear band) propagation. Tomita and Lu [323], demonstrated through the use of micromechanics 
simulations, that the volume fraction of the toughening phase in combination with the size of particles 
used and the state of stress, can determine the type of shear band observed in polymers with second-
phase particles. Although shear bands are not traditionally considered as damage [104], is necessary to 
consider that they tend to grow and nucleate slip surfaces within [324] the material that constitute the 
shear band. Additionally, shear coalescence of voids has been observed in fracture surfaces of metallic 
materials [325], which requires to consider if a similar behaviour can be present in polymers. This needs 
further study as the current understanding of polymers is expanded with the implementation of new 
experimental techniques. For example, the traditional understanding of PPMA considers that failure 
occurs by crazing [41,175,326], however a recent in-situ atomic force microscopy study of this material 
has reported that there is a transition in the failure mechanism from crazing towards shear yielding 
[327].  
 
The development of voids and micro-cracks during cavitation affects the mechanical response of 
materials. Therefore the damage can be determined by detecting changes in properties as described by 
expressions like that presented in Equation 6-2. Previous investigations by the author measured damage 
in different epoxy adhesives using changes in microhardness [279] and further studied the DP-460NS 
epoxy adhesive using changes in stiffness, effective stress and microscopic surfaces . Table 6-1 
summarizes damage measurements using methods such as changes in stiffness considering viscoelastic 
effects (DΔE), changes in effective stress (DΔσ) and changes in surface features using microscopy 
(DΔSmic). Figure 6-2 illustrates calculated damage along the sample test gauge after failure under quasi-




Figure 6-1: Damage mechanisms in polymers: craze in a polymer (top left), shear banding  















0 0.00 0.00 0.00 
0.013 0.03≤0.05 0.06≤0.01 0.04 
0.019 0.00≤0.13 0.11≤0.08 0.04 
0.069 0.16≤0.05 0.13≤0.06 0.10 
0.101 0.18≤0.09 0.16≤0.07 0.21 





Figure 6-2: Damage from changes in microhardness (DΔMHV) under quasi-static uniaxial loading 
along the sample test gauge in DP-460NS 
6.3.3 Image processing 
Electronic images are typically generated using a two-dimensional array of pixels. The image is mapped 
into a grid area composed of individual pixels. Each pixel consists of a value describing the color of 
that region of the image. Typically, in color images, each pixel is defined by an array of three different 
values representing the relative amount of red, blue and green, traditionally known as RGB color space. 
RGB images can also be turned into grey scale representations by using a linear combination of the 
RGB values. When wanting to measure the change in an image different techniques are available 
[328,329]. The most readily available technique is the use of histograms to identify and quantify 
changes in image pixel values. Segmentation techniques can be used to differentiate among different 
regions in an image and mask operations, in which an image is compared to a second image by 
subtracting one from the other, can also be used to identify areas of change. Typically, the use of these 
techniques requires a threshold value. A threshold is a quantity that can be used to discriminate and 
differentiate changes. Defining a proper threshold may not be a trivial matter, and the problem has been 
treated in the literature[330–332].  
 
Since images are represented by arrays of real numbers, other mathematical considerations can be used 
to define changes in images. For example, it is possible to look at the average pixel value in a region of 
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interest or to consider the pixel RGB data as a vector with both direction and magnitude as proposed 
by Jia [333] making it possible to analyze changes in images using simple vector operations such as 
dot and cross products. 
 
6.4 Methods 
6.4.1 Material, test geometry, and the testing method 
A two-part epoxy adhesive (DP-460NS, 3M, Minnesota) toughened with a thermoplastic phase (MBS) 
was used to investigate the implementation of an optical technique that quantifies damage in materials 
which develop strain whitening during loading. Non-standard tensile samples were used for the study. 
Tensile coupons were machined out of bulk material sheets 3 mm thick; the sheets were manufactured 
by casting the epoxy adhesive between two glass plates and oven cured at 70°C for two hours. The 
tested geometry (Figure 6-3, left hand) has been used in previous work [248,279], and results were no 
different to those of testing geometries described in the ASTM standards for tensile testing of polymeric 














 @ 0.002 s-1  
Mean Hardness 
& Std. Dev. 
[MPa] 
1200 2.13 0.41 3.5ln( ) +62.9 39.03 120.10≤7.20HV200 
Table 6-2: Mechanical properties DP-460NS [248,279] 
Testing of coupons was performed using a servo-hydraulic controlled test frame (Figure 6-3, right 
hand). Samples were loaded in uniaxial tension at a constant engineering strain rate of 0.002 1/s until 
failure. A calibrated load cell (Omegadyne model LC-412-500, Omega, Connecticut), a custom 
software control loop (LabVIEW, National Instruments, Texas) and an electronic controller (MTS 
FLEX, MTS, Minnesota) were used as part of the testing set up. During testing, image capture was 
done using a commercial digital single-lens reflex (DSLR) system (Nikon D-3200, 24.7 MP 23.2 x 15.4 
mm CMOS sensor, Nikon Corporation, Japan) with a Macro Lens (SIGMA 105 mm 1:2.8 DG MACRO 
HSM, Sigma Corporation, Japan). The samples were illuminated using a commercial LED system 
(Lumahawk, AADYN technologies, North Carolina). Camera and light settings were determined using 
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a pre-strained sample of DP-460NS material, so the strain whitening phenomenon was detectable in the 
image; the settings were fixed for the duration of the test (F8, 1/80 and ISO 1600 for the camera; 95% 
intensity with 25% temperature for the light source). The camera was used in non-interlaced video 
mode, and individual high-quality images were extracted using Photron FASTCAM viewer software 
[334]. No additional image processing such as contrast enhancement, histogram manipulation or any 
other type of modification was used. Two different orthogonal views of the sample, front and side, were 
captured with the camera equipment.  
 
 
Figure 6-3: Testing sample geometry (dimensions in mm) and testing frame 
6.4.2 Quantification of damage 
6.4.2.1 Damage by quantifying changes in surface color 
Color information is encoded as an RGB vector array for each one of the pixels used to capture an 
image using digital cameras. For the analysis correlating damage with changes in color, the pixel 
information needed to be extracted and somehow quantified. For such a task, the Mathematica 
computing system [335] was used due to its native image processing capabilities combined with its 
powerful scripting language. A preliminary study was conducted to determine a reasonable procedure 
to detect and quantify the changes in color that occur in an area of interest (AOI) inside an image 
(Appendix D). From this preliminary work, the mean average value of pixel color in the AOI was 
determined as the most reasonable way to quantify the color history as a function of time (or strain). 
The damage that occurred in a particular area (DA) due to strain whitening was then defined in terms of 
the changes between the current average color at a time t ( ̅ ) and the original average color before the 
start of the loading ( ̅ ) (Equation 6-6). For analysis, the strain gauge zone was used as the AOI and it 
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was discretized using 10 subdivisions. Each subdivision corresponds then to windows approximately 1 
mm x 1mm in size for each one of the areas under study (Ai) (Figure 6-4, middle). 
 
∝  
Equation 6-6: Damage related to changes in average pixel color 
 
 
Figure 6-4: Tested sample geometry, analysis zones 
 
 125 
Besides tracking changes in color, it was necessary to account for the deformations that occur in the 
material during loading. The implemented computer algorithm for analysis used a Lagrangian frame of 
reference to track changes in a user-defined AOI. The algorithm accounted for the deformation by 
assuming a linear distribution of the displacements along the length of the sample. The closest end of 
the AOI to the fix grip end was assumed to be static (zero velocity). The other end, the one closest to 
the moving grip, was assumed to have the same displacement as the one measured during the test. The 
displacement was extracted from a digital extensometer covering the test gauge. 
 
To calibrate the optical measurement against the actual material damage, it would be necessary to have 
a method that can correlate damage and change in color at every moment in time for each one of the 
areas studied. This could be implemented with the aid of microhardness measurements [279], but this 
approach is not practical to track damage in time. Microhardness requires stopping the test in multiple 
instances to perform the multiple measurements; also, the micro-indentations could act as stress 
concentrators that can bias the results. A more suitable approach was to use a microscopic observation 
of the fracture surface to determine the fraction of voids leading to failure. This provided a direct 
measurement of damage in the fracture zone (Dfz) (Equation 6-1). It was then assumed that the change 
in color around the fracture zone was directly proportional to this value. The damage in the individual 
regions (DAi) used to discretize the AOI was then expressed as a fraction of the damage that occurs at 
the fracture zone (Dfz) (Equation 6-7). The damage fraction (fAi) was assumed as directly proportional 
to the ratio between the measured change in color in the region and the change in color in the fracture 
area (Equation 6-8) at the time of failure. 
 
 




Equation 6-8: Proportionality factor 
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6.4.2.2 Damage from fracture surfaces 
The fracture surfaces were observed with the aid of an opto-digital microscope (ODM) (Keyence VHX-
5000, Keyence, Japan) and features such as micro-voids (r < 10 µm), voids (r >10 µm) and cracks were 
identified and measured. The area of all these features, which can be construed as damage, was added 
together and used to calculate damage using Equation 6-1. The study was made using images at low 
magnification (80x) and then repeated at high magnification (500x). Identification was first made 
manually and then, in a different instance, with the aid of different image protocols to confirm the 
results (Appendix 2). Images analysis was conducted using open source image processing software: 
Image J [336] and GIMP [337].  
6.4.3 Damage measurements for validation 
The DP-460NS material has been previously studied as presented through chapters 4 to 5. The damage 
data in Table 6-1 and Figure 6-2 will be used as a control value for the results using the optical 
technique. In addition to this data, strains in the material during uniaxial loading were monitored at four 
different points along the test gauge of the samples (Figure 6-4, bottom). Three points were labeled as 
P1 (1.5mm to the left of the test gauge right end), P2 (test gauge center), and P3 (1.5mm to the right of 
the test gauge left end). The fourth point was located at the final fracture plane and labeled as PF. The 
damage evolution with strain was calculated using Equation 6-5. 
 
For measuring strain, the samples were prepared with a speckle pattern, and the DIC technique [316] 
was implemented; the VIC-2D 2009 software [225] was used for analysis. Strain measurements were 
made in two orthogonal views of the test (front and lateral view). On the front view, half of the width 
of the test gauge was prepared with a speckle pattern to facilitate observation of the strain whitening 
process while simultaneously measuring the strains using DIC. On the lateral view, the entire test gauge 
was prepared with a speckle pattern. Having two views at the same time permitted to verify the axial 
strain measurement and identify strain gradients in the material. 
 
6.5 Results 
6.5.1 Strain whitening during uniaxial loading 
Mean average pixel value was calculated as a function of time for 10 different locations along the test 
gauge of samples subjected to uniaxial loading. The average pixel color history for each one of the 
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zones under analysis was typically described by a sigmoidal curve. Figure 6-5 describes the mean 
average color detected in Sample AA-6, results for the other two samples are included in Appendix D. 
Although the measured color history had noise, the variance about the mean value was very small (§ 
0.0004). Of more importance was any noise in the system that could be interpreted as a false positive. 
For example, at low strains (e§0.01) minimal changes in average color were distinguished, up to 0.04 
in mean pixel value. At this low level of strain, the detected changes in average color can correspond 
to the inherent noise of the system. The typical noise was calculated as 0.013 (Appendix D). The drift 
of the system was also verified. Drift was calculated as a change of -0.058 in mean pixel value. Negative 
slopes in the color history plateau were attributed to signal drifting rather than actual measurable 
changes in the material. 
 
 
Figure 6-5: Typical Mean pixel average color history for DP-460NS material 
Strain whitening typically compromised the entire test gauge for samples AA-6 and AA-7. In the case 
of sample AA-8, the strain whitening localized mostly in the left-hand side of the test gauge due to 
necking during the test. This behavior was accurately captured by the measured change in color (ΔC) 
before failure (Figure 6-6, top). Typically, the highest detected change in pixel color corresponded to 
the fracture zone or its vicinity. The bottom plot of Figure 6-6 illustrates ΔC as a function of the strain 
at the locations of the final fracture. Noticeable was the variability in strain to failure for the material, 
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as high as ~0.46 in the vicinity of the fracture zone for the sample with neck localization (AA-8) while 
the other two registered strains to failure of 0.12 (AA-6) and 0.24 (AA-7) respectively. 
 
Figure 6-6: Changes in color at the moment of fracture 
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6.5.2 Damage calculated from fracture surfaces 
Identification of voids and cracks in the fracture surface were made using images of the fracture cross 
section. The area of the features was measured and quantified. In-depth details about the analysis of 
fracture surface images were provided in Appendix D. The calculate damage in the fracture plane (DΔA), 
accounting for the variability, fluctuated between 22 and 60% among the tested samples (Table 6-3). 
The calculated average damage values (~40%) were comparable between the two magnification levels 
used. The overall average damage from the fractography was calculated as 41% ≤ 18%.  
 
Sample 
Strain at failure 
[mm/mm] 
Avg. damage at 
80x 





AA-6 0.1142 0.36≤0.14 0.41≤0.23 0.38≤0.16 
AA-7 0.2107 0.47≤0.20 0.41≤0.10 0.44≤0.16 
AA-8 0.1874 0.47≤0.23 0.34≤0.20 0.41≤0.21 
Table 6-3: Damage from fractography (DΔA) in DP-460NS 
6.5.3 Damage with volumetric changes 
Strains measurements were made at the front view (camera A) and the side view (Camera B) of each 
specimen at three different locations and the failure point (Figure 6-7 to 6-9, top row). Axial strains 
(exx) and lateral strains (eyy and ezz) were compared between views. There was an agreement in the 
measured strains between both views in Sample AA-6 at all locations (Figure 6-7, middle row). In the 
other two samples (AA-7, Figure 6-8 and AA-8 Figure 6-9), in certain instances there was departure 
between axials strains (exx Cam A ≠ exx Cam B) and lateral strains (eyy Cam A ≠ ezz Cam B) although 
this was only common for strains larger than 0.02, which is after the intrinsic yield of the material. In 
the few cases where there was a departure, this was at or close to the failure zones, where high strain 
gradients were detected . Shear strains were negligible during the test (exy@ exz§ 0.05). Typical strain 
offset error in the DIC analysis was calculated as 0.5% strain for the axial direction (worst case), while 
0.01% strain can be expected as error for the lateral deformations. Appendix D includes a detailed 
analysis of the accuracy of the DIC results with expected errors and includes strain measurements at all 




Damage (DΔεv) was calculated as a function of the measured strains using Tang’s method (Equation 6-
5) at the three locations where the strain was measured and at the fracture plane (Figure 6-7 to figure 
6-9 bottom row). Of note in the results were the differences in calculated damage between the different 
samples. For sample AA-6 (strain to failure~ 0.012), the damage grew in a linear fashion up to a 
maximum value of ~5%. The propagation of damage was very even among all locations. The damage 
curves were compared against the theoretical prediction of the damage equation assuming isotropic 
elastic behavior before yield (ν=0.4) and volume conservation after yield (e>0.02, ν=0.5). Before yield 
it was determined that in this sample (AA-6), most of the damage followed the linear-elastic prediction. 
After yield, the calculated damage was attributed to the volumetric changes induced in the material by 
the uniaxial tensile loading. The damage history from volumetric strains was more complex in the other 
two samples. The behavior in sample AA-7 (Figure 6-8 bottom) was clearly not linear except at the 
middle of the test gauge (Point 2). The general trend can be described by initiation of damage in a linear 
fashion followed by a plateau transitioning then into further linear damage growth until final failure. 
Damage at fracture was calculated at ~ 8%. Damage in sample AA-8 (Figure 6-9 bottom) can be 
described by a bilinear process. 
At low strains (e<0.05) the damage grows very fast that then transitions into a slower rate of growing. 
Of notice in this sample was that the damage at point one (far away from the fracture zone) stopped at 
an axial strain of 0.05 and reached a maximum value of ~ 8%. Point 2 (middle of the test gauge) 
deformed up to a strain of 0.17, and the damage grew up to ~6%. The damage was concentrated around 
point 3 (extensometer strain reported as e~0.13 at failure), which coincides with the area that developed 
necking during the test. The measured local strain field reported local axial strains in the order of 0.30 
and 0.40. These values of localized strain can be well beyond the practical range of accurate DIC 
predictions (e<0.20) [172,173] for the proposed set-up. For these two samples, the detected damage by 
volumetric changes was larger than the theoretical damage from volumetric changes due to Poisson 





Figure 6-7: Strains and volumetric damage (DΔεv) calculated from DIC measurements in tested 











Figure 6-9: Strains and volumetric damage (DΔεv) calculated from DIC measurements in tested 
sample AA-8 
6.5.4 Strain whitening damage with a macroscopic optical technique  
Damage measurements using optical image analysis of the strain whitening was implemented by 




Figure 6-10: Damage calculated from images ΔC and fracture zone calibration 
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1 and D3-2) and then measuring the changes in color in each individual zone. The strain-damage history 
in each zone (DAi) was calculated by calibrating the change in color curves using the damage 
information from fracture surface void quantification. The lowest damage measurement from the 
fracture surface (5th column, Table 6-3) was used to calibrate the zone that included the fracture plane; 
all other zones were considered proportional. Damage measurements fluctuated between 20% and 25% 
at failure (Figure 6-10). In the figure, the damage was described at the locations used to measure the 
DIC strains. 
In general, the damage evolution as the samples were stretched, can be described by a rapid increase in 
the damage starting at a strain of ~0.02 until strain around 0.08. Further deformations into the plastic 
zone (e> 0.08) caused the damage rate to decline towards a plateau which stretched flat until final 
fracture. The process can be described with the use of a sigmoidal shape and was bounded by saturation, 
as the end of the slope of the curve was predominantly flat, once a particular value of strain was reached 
(typically ~0.08).  
 
6.6 Discussion 
It was hypothesized that changes in material color could be used as an indirect measurement of damage. 
To verify this hypothesis, it was necessary to compare the results against measurements of damage 
using different techniques. To begin, the relevance of the measured changes in color will be discussed. 
Then, the damage results from the changes in color will be compared against measurements of damage 
using volumetric strains and the other control techniques.   
 
Color changes were detected by direct observation during the uniaxial testing. Although the changes in 
color were evident, the signal ratio between the measured average color and the base value (C0) was 
used to determine false positives. At a low level of strains, typically less than 0.01, the changes were 
considered as false positives, since the signal ratio was low (<10 dB). Although it is possible to capture 
changes using optical techniques, this requires a high magnification setup as used in the previous study 
with the microscope. The current method uses the average of color changes, this averaging process can 
wash out any detected changes when they are small. At strains above 0.10, the material experienced a 
noticeable change towards a lighter color from ~0.72 to ~0.85 in average pixel value; this was typical 
in all tested samples. This signal change was on the order of 20 dB which highlights the relevance of 
the change. No further significant changes in average pixel color were detected beyond this level of 
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strain. The color transition phase, strains between 0.02 and 0.10, corresponds to the development of 
cavitation and crack opening followed by the development of shear bands. Of importance was the 
ability of the ΔC curves to correctly pinpoint the location of the fracture zone (Figure 6-6, top and 
middle), although the exact location can be somewhat hindered by the discretization of the surface and 
by the tracking scheme used for analysis. The first point was demonstrated with sample AA-7. In this 
case, the fracture happened between the boundaries of two of the discretization areas. The damage was 
spread between these two regions preventing the detection of a sharp peak and the subsequent 
identification of the fracture zone. Nevertheless, the method was robust, and the general region of 
failure was identified. The second limitation was caused by the inability of the analysis to account for 
localization since an even distribution of the strain along the test gauge was assumed. This had a more 
significant impact on sample AA-6 than it did on sample AA-8. On sample AA-6 the fracture zone was 
determined by manually locating the fracture point, while in sample AA-8 this was done by looking at 
the maximum value of changes in ΔC (Figure 6-6, top).  
 
A comparison of the results from the different methods used to calculate damage (Figure 6-11), 
indicates that the average macroscopic changes in color (ΔC~14%) were in good agreement with the 
average damage from changes in effective strength (DΔσ~15%) and changes in microhardness (DΔMHV 
~16%). The ΔC values at each zone of analysis (Ai) along the test gauge were used to calculate the 
statistical spread as a function of the distance from the fracture zone. This data was compared against 
the damage values expected from changes in microhardness (DΔMHV) in this material (Figure 6-12). At 
lengths not greater than 3.75 mm from the fracture zone, the likelihood of agreement between the means 
fluctuated between 75 and 85%, confirming a relatively good agreement between the two methods. 
Farther away from the fracture zone, between 4.5 and 7.5mm, the likelihood of agreement between 
measurements was reduced and fluctuated between 7 and 65%. The likelihood of agreement for 
distances greater than 8.5mm to the fracture plane increased to levels around 70%. The disagreement 
in statistical means in the region between 4.5 and 7.5 mm can be explained by the bias towards a higher 
value of ΔC caused by the even damage spread in one of the samples. The statistical analysis was 





Figure 6-11: Changes in color vs. measurements of damage 
 




Even though the measured ΔC was in reasonable agreement with at least two methods, it was expected 
that the average value would be comparable to that of the damages calculated from microscopic changes 
in the material surface (DΔSmic~ 21%). The difference can be reconciled by the averaging nature of the 
ΔC measurement instead of a pixel by pixel comparison as was done with the microscopic images. 
Also, the smaller resolution with the macroscopic observation can play a part in the differences due to 
a reduction in detectability. 
 
The damage value at the fracture plane (DΔA) was calculated by quantification of voids using 
microscopy. The DΔA value (Table 6-3) was compared against available measurements of damage 
(Figure 6-11). From the figure, the average measured damage value (39%) was not in agreement with 
any of the damage values calculated from the other methods: microscopic surface changes (21%), 
changes in modulus of elasticity (~18%), volumetric strains (8%), microhardness (16%) or variations 
in strength (15%). It must be mentioned though, that the DΔA values had quite a considerable variability 
(14 to 23 %). Although the variability in the measurement could have been the product of limited 
experience with fractography and image analysis, a variety of procedures were implemented to mitigate 
this (Appendix D). Automated algorithms exist for such a task too, but in many instances, the software 
requires either “algorithm training” or manual intervention by the operator, therefore eliminating or 
reducing the human error is not 100% possible. Even though this problem remains as a limitation of 
this study, the lower end of the measurements was comparable with damage values from the other 
methods. The DΔA average minus one standard deviation was then considered as the constant for 
calibration to obtain the damage curves from the changes in average color. 
 
One unexpected finding was the low average damage (~ 8%) calculated from the changes in volumetric 
strain (DΔεv); this value typically fluctuated between 5% and 13% at the fracture zones. The differences 
were attributed to two possible explanations. First, error in the DIC measurements. Second, the 
applicability of Equation 6-5. Significant effort was applied to confirming the DIC results, and it was 
not possible to find any significant error in the strain measurements other than uncertainty in the results 
for strains above 0.2. Above this level of strain (e>0.2) it is possible that large deformations in the 
speckle pattern can introduce correlation errors. Therefore the second reason was explored in more 
detail. Equation 6-5 has been successfully used in the past to determine damage in other toughened 
polymers [47,162,166], but limitations such as the size of representative element used for analysis, and 




Figure 6-13: Damage from changes in color (DΔC) vs. damage from volumetric strains (DΔεv) 
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element must be such that the strain measurements are conducted in the same volume. This constraint 
was not practical since representative size element for polymers (1 mm) would require measuring 
strains very close to the sample vertices where high gradients can be present, and the DIC results may 
not be accurate. Second, the presence of necking induces gradients in the strain field that cannot be 
accounted for, even though two views were considered for the analysis. Given these considerations, the 
damage using volumetric strains can only be considered valid away from any necking distortions.  
 
The damage from changes in color (DΔC) was compared against the volumetric damage (DΔεv) at 
locations away from the fracture zone (Figure 6-13). From each one of the samples, the measured DΔC 
(15 to 25%) was larger than the DΔεv (§5%), although this difference can be dependent on the calibration 
value applied to build the damage curves from changes in color. However, the discrepancy (difference 
of at least 10% in average, Figure 6-11) also applies to damage calculated by other methods (changes 
in modulus of elasticity, changes in strength, changes in microhardness, microscopic observation). 
Differences between the strain-damage curve characteristics were also important. In the case of the DΔC 
the curves were sigmoidal in nature, demonstrating a rapid increase in damage between the end of the  
linear behavior (e~ 0.03) until the initiation of the plastic deformation (e~ 0.08) followed by saturation 
in the plastic regime where a transition from cavitation and crack openings towards shear banding 
occurs. The changes in color describe a process in which rapid changes in void formation were 
developed. Once the void growth peaks further energy absorption may be accomplished by 
accommodating large deformations through shear banding. The plateau in the curve could be 
interpreted as absence of further damage growth, however it is possible that the damage process is 
highly localized and further changes related to damage are not being captured. This can be a limitation 
related to: 
1. The size scales used for measurement (optical changes, changes in modulus of elasticity) or, 
2. Using a surface observation. Differential changes inside the volume of the material caused by 
damage may not any longer be reflected or detectable at the surface of the material. 
The characteristic shape agrees with damage measurements using changes in modulus of elasticity 
(Figure 5-13). The DΔεv curves were mostly linear with slow progressive changes, although some curves 
demonstrated small changes in slope at strain points that roughly coincide with the strain transition 
points just described. The volumetric strain depicts a very slow damage process, in which void growth 
was mostly uninterrupted until final failure. No hint of the significance of shear banding can be 




Figure 6-14: Damage at the fracture zones 
Since DΔεv values were not reliable due to necking at the fracture region, DΔC results in the fracture 
region were compared against different measurements of damage (Figure 6-14). It is significant to note 
that the DΔC values at the plateau fluctuated between 18 and 25%, which were comparable to the average 
of DΔMHV (~ 17%) and the measured maximums of DΔSmic (~ 21%) and DΔσ (~15%). Besides agreement 
in values, the DΔσ and DΔSmic curves also depicted the rapid growth of damage that started in the elastic 
region and progressed until the beginning of the plastic deformation (e > 0.10). The plateau described 
by the DΔC curves was not captured by the other two methods, but this can be attributed to lack of data 
rather than a physical disagreement in the described behavior of damage for this material. Although 
more data points using microscopic observations may be necessary to draw a final conclusion. Reported 
changes in modulus of elasticity and variations in strength support the presence of the plateau in the 
damage value (Figures 5-9, 5-10 and 5-13). This characteristic plateau in the damage curve can be tied 
to the energy absorption required to successively grow and nucleate slip surfaces within the material. 
 
Another essential feature of the proposed technique was the ability to provide a continuous curve that 
can describe damage as a function of strain. The mechanical response of the material (solid lines) can 
be compared against the individual damage history (dashed lines) for the tested samples using quasi-
static conditions (Figure 6-15). The method can be extended to testing at any rate as long as images can 
be captured. The stress-strain and strain-damage data are very valuable for the implementation of 




Figure 6-15: Stress-strain and damage-strain history for DP-460NS at quasi-static rates 
 
6.7 Conclusions 
During tensile loading of polymeric materials, damage may occur through particle cavitation, crack 
openings and eventually lead to shear banding, all of which can cause the material to appear as a lighter 
color when compared to the bulk unloaded material. In this study, a macroscopic optical technique to 
measure damage taking advantage of the strain whitening phenomenon in polymers was developed. 
The technique consisted of measuring the average change of material color in a specified area during 
deformation, then by calibrating the measured change with a known measure of damage, produce a 
curve that describes the damage evolution as a function of strain. 
 
The fraction of voids in the fracture plane was used for calibration purposes even though this 
measurement had considerable variability, and required making assumptions regarding the appropriate 
calibration value. Besides that, proportionality had to be assumed between measurements at different 
locations. Regardless of these challenges, the technique predicted damage values (15 to 25%) similar 
to those of other measurements of damage in the same material using changes in strength (15%) and 
changes in the material surface using microscopic observations (~21%) and proved to be an accurate 
and simple method of measurement. The method can be improved by using damage from changes in 
microhardness as the calibration value. Not only was the damage from microhardness in reasonable 
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agreement with all other damage measurements (Figure 6-11), it has less variability in the results and 
microhardness can be measure at the same locations where changes in color are measured, which 
permits direct calibration at every zone of analysis and eliminate the assumption made in regard to 
proportionality.  
 
Damage from volumetric strains was used as a control measurement. Although this is a powerful and 
practical technique, the results presented here point to the fact that careful consideration is needed for 
its implementation. Damage from volumetric strains produced results (~8% on average) that were 
substantially lower than any of the other techniques (19% on average).  The findings support two 
conclusions. Firstly, there is a limitation in the use of volumetric strains to quantify damage. The 
technique can only account for damage that is associated with volumetric changes that are detectable. 
Second, the early discrepancy (e §0.05) between the damage prediction of the volumetric changes and 
the other control techniques, points to the existence of a damage mechanism that does not readily 
manifest itself trough changes in volume. Later on, the incurred damage triggers the formation of shear 
bands. Even though shear bands are not typically considered damage[104] since they re a volumetric 
conserving process, it is necessary to count that they grow and nucleate slip surfaces, which can explain 
the energy absorption in the material during the plastic deformation at constant stress.  
 
The optical technique can accurately predict the failure point of the material as well as the amount of 
damage in the fracture zone, but this ability can be limited by the discretization used for the analysis. 
Discretization issues can be solved by carefully locating the failure zone at the middle of one of the 
areas used for analysis rather than close to, or at the boundary between analysis zones. Correctly 
tracking deformation along the area of analysis can also impact the accuracy of the results. In this study, 
the deformation was assumed to be linearly distributed between the loaded end and the fixed end. This 
was met with relative success. However, this was a limitation when necking and/or large gradients were 
present. This can be solved by using multiple tracking points to determine the exact deformation and 
displacement history for each one of the areas used for analysis.  
 
Damage measurement using changes in average color is a robust experimental technique that offers a 
new method to qualify, understand and measure damage evolution in polymeric materials with strain 
whitening. The proposed technique is a simple procedure, which requires little equipment overhead 
(camera, a personal computer with coding software and a microscope or a micro-indentation machine), 
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and can easily provide accurate damage information at a variety of strain rates (limited by the image 
capturing capabilities). Strain-damage curves are much-needed information for the implementation of 








The main conclusions of this dissertation are: 
1. Simulation results indicate that a cohesive zone model (MAT_240) and solid element 
formulation (MAT_187) can provide an adequate representation of adhesive material for 
tensile and shear loading across a range of deformation rates. The three tested adhesive 
materials demonstrated that, at the very least, independent data in tension and shear are 
needed for modeling. However, deficiencies in current constitutive models for use with 
structural adhesives were identified. In particular, a constitutive model must be capable of 
uncoupling strain rate effects for tension and shear loading. This is not the case with current 
models, and this could introduce significant errors when modeling components subjected to 
mixed mode load conditions. Additionally, it was shown that the shear stress could not be 
linked to the tensile stress using traditional yield theories (e.g., von Mises). This will require 
the implementation of custom subroutines to properly evaluate plastic deformation and 
failure criteria in the modeling of adhesive materials.  
 
2. Microhardness measurements demonstrated that damage along the gauge length of a strained 
epoxy adhesive was dependent on both the chemistry of the adhesive and the strain rate. In 
a non-toughened epoxy (EC-2214), the damage was highly localized around the fracture 
zone. In toughened epoxies (DP-460NS and SA-9850), the damage extended over much of 
the sample gauge length and the microhardness variations were linked to the deformation 
mechanisms. In these two materials, the shear banding generally increased the measured 
hardness, while crack openings and craze-like behavior decreased the measured hardness. In 
some cases, these variations offset one another and ultimately affected damage results 
calculated with the use of microhardness. With increments in strain rate, localization 
increased. Although microhardness provided insight into the material damage behavior, it 
was limited to a post-load/post-failure analysis. For acquiring continuous damage data using 
this method, it would be required to load the material and then stop to perform indentations. 
The new indentations can serve as stress concentrators if the loading were to be continued 
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and bias then the next set of measurements. Alternatively, one could load different samples 
to different levels of load and then take the microhardness measurements.  
 
3. It is possible to take advantage of changes in material surfaces during load to indirectly 
determine damage. Damage may occur through particle cavitation and crack openings, which 
eventually can lead to shear banding, all of which can cause changes in the material surface. 
By comparing pixel values between successive images for a given location, it was possible 
to quantify the surface changes with increases in load. The process was conducted using 
analysis of microscopic images. Damage values from microscopic surface changes (21%) 
were comparable to damage from changes in effective stress (15%), changes in 
microhardness (17%), and changes in stiffness after accounting for viscoelastic effects 
(18%). Additionally, the microscopic observations provided values of the local strain fields, 
but most importantly insight into the crack growth process, values for stress concentration at 
crack tips, and identification of the role of cavitation in the shear banding process previous 
to ultimate failure. The optical measurements provided a way to capture damage data without 
disturbing the material during testing. However, implementing a microscopic observation 
procedure as a general method for tracking damage was limited in the current study by the 
size of the field of view. 
 
4.  A macroscopic optical technique to measure damage taking advantage of the strain 
whitening phenomenon in polymers was developed to overcome the limitations of the 
microscopic observations. The technique consisted of measuring the average change of 
material color in a specified area during deformation, then by calibrating the measured 
change with a known measure of damage, produce a curve that describes the damage 
evolution as a function of strain.  
a. The fraction of voids in the fracture plane was used for calibration purposes although 
this measurement had considerable variability. Besides that, proportionality had to 
be assumed between measurements at different locations. Regardless of these 
limitations, the technique predicted damage values (15 to 25%) similar to those of 
other measurements of damage in the same material using changes in strength 
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(15%), changes in the material surface using microscopic observations (21%), and 
changes in stiffness when accounting for viscoelastic effects (18%). In addition, the 
macroscopic optical technique predicted a sigmoidal behavior for damage evolution. 
This was in agreement with the predictions from changes in modulus of elasticity 
during load-unload, load-reload and changes in strength. Additionally, a traditional 
technique for damage detection, changes in volumetric strains, was also 
implemented. Volumetric changes predicted damage at approximately 8% just 
before failure. The measurements were substantially lower than all the other control 
techniques.  
b. Interestingly, the results indicate that the quantification of the surface changes, both 
microscopic (changes in pixels) and macroscopic (average change in color), were 
directly comparable to the measurement of damage calculated using microhardness. 
Discretization studies were conducted for the macroscopic technique and 
demonstrated robustness in the method and quick convergence in results. However, 
how the results can be impacted by variations in the field of view and focal length 
(i.e. how close the camera is to the specimen) require further study. 
c. The macroscopic optical technique can lack sensitivity for detection at small 
deformations. This limitation can be attributed to the average nature of the 
implemented calculation to define the changes (average change in color), but also to 
the sensitivity of the equipment used for detection. The first can be improved by 
increasing discretization or changing the mathematical scheme that defines the 
change. The second factor, sensitivity, will always be limited by equipment (type of 
sensor) and the compromises inherit with capturing the desired field of view (focal 
length). In other words, it is possible to calculate damage at a small region in the 
material with high sensitivity by decreasing the focal length (e.g., use of a 
microscope or a high magnification lens) or to obtain damage information over a 
large amount of material with reduced sensitivity (DSLR). 
d. The proposed optical technique can accurately predict the failure point in the test 
specimen as well as the amount of damage in the fracture zone. The prediction ability 
can be limited when the failure plane is located at the boundary of contiguous 
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analysis zones. Changes in discretization and convergence studies can mitigate this 
issue. 
e.  Correctly tracking deformation along the area of analysis used for the optical 
measurement can also impact the accuracy of the results. The deformation gradient 
was assumed to be linearly distributed between the loaded end and the fixed end of 
the test specimens, which was in agreement with DIC measurements. However, this 
is a limitation when necking and/or large gradients are present. Using multiple 
tracking points to determine the exact deformation and displacement history for each 
one of the areas used for analysis can mitigate this problem. 
f. The method can be improved by using damage from changes in microhardness along 
the length of the specimen after testing as the calibration value. Damage from 
microhardness measurements can be calculated at the same locations where changes 
in color are measured, which permits direct calibration at every zone of analysis and 
eliminates the assumption made in regard to proportionality. 
 
5. Different methods were implemented to measure damage in the DP-460NS adhesive. The 
average damage (38%± 6%) predicted by the changes in modulus (load-unload) previous to 
failure was comparable to that calculated from counting voids in the fracture surfaces (41% 
± 18%). However, these results were substantially higher than the average damage predicted 
by other methods: 17% damage by changes in microhardness, 8% with volumetric strains, 
21% with changes in microscopic surfaces and 15% with changes in strength. The results do 
not imply that one method is wrong or better than the other, the discrepancies required further 
understanding in regard to the nature of the material, the active mechanisms present during 
the material deformation and the limitations of each technique.  
a. The calculated damage using the traditional methodology (i.e. modulus of elasticity 
during load-unload) did not account for viscoelastic effects in the adhesive material. 
The viscoelastic effect was noted as a change in the stiffness value measured 
between the first unload and the second load cycle. It was concluded that a much 
better measure of damage could be approximated by calculating the damage using 
the first load modulus of elasticity in combination with the modulus of elasticity 
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during the second load cycle at the upload portion of the test. The corresponding 
damage value from load-reload (17.77%≤ 7.74%) was in better agreement with all 
the other calculated values for damage. 
b. The estimated average damage (41%) from the images at the fracture plane had 
considerable variability (≤18%), this, in turn, was caused by the inherit potential for 
error in the void counting process, manual or otherwise, even though measures were 
taken to mitigate observation error. It was hypothesized that the large discrepancy 
in average value against all other measurements could be explained by the existence 
of cavitation and craze-like mechanisms. During tension, the toughening particles in 
areas around cracks can cavitate and act as tendons that absorb energy and prevent 
further crack tip opening, which in turn allowed the material to continue carrying 
the load. This behavior has a substantial effect on the effective area that carried the 
load during straining and after final failure. Before failure, this craze-like behavior 
is reflected in the response of the modulus of elasticity (hence lower damage); after 
failure, the cracks reached their maximum extension and this resulted in the 
identification of more and larger voids at the fracture plane. It is possible that the 
crack features and cavitated material contributed to calculating a much larger area 
of voids in the fracture plane, causing then an over prediction in the amount of 
damage suffered by the material when compared to the damage values from other 
techniques (i.e., microhardness 17%, microscopic surfaces 21%, changes in strength 
15%) before final failure.  
c. The presence of crazing or craze-like behavior in epoxy adhesives is controversial. 
Crazing and cavitation are typically depicted by increases in volume. The damage 
from volumetric changes was in agreement with other methods at very low amounts 
of deformation only (e<<0.01). This demonstrates that cavitation or cavitation like 
behaviour were significant in the earlier stages. However, there was a departure in 
damage prediction as the amount of strain was increased. This difference in the total 
amount of damage supports the fact that there is a damage mechanism that can not 
be explained by volumetric changes alone. Modern toughened epoxy adhesives are 
very complex materials from both composition and molecular structure. Such 
intricacies compounded with the complex stress fields that can develop in these 
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materials may help to explain this phenomenon but this study highlights the 
necessity for further research and forces us to re-evaluate the role of traditional 
mechanisms such as crazing and cavitation in toughened adhesives. 
d. Although shear bands are not typically considered damage, since they are a volume 
conserving phenomenon, the experimental results hint that further consideration 
needs to be given to the role that shear bands play in the damage and ultimate failure 
of polymeric materials. Observations inside the shear banded region at high 
magnification demonstrated porosity (sponge like surface) and the presence of micro 
voids. Such appearances can be explained by assuming that cavitation was also a 
damage mechanism in this stage. Although this assumption seems to be supported 
by the ever-increasing volumetric change detected with the DIC, it is at the same 
time at odds with the other damage measurements (changes in modulus of elasticity 
by load-reload, changes in strength, and the macroscopic optical technique) in which 
damage saturation was reported. The plateau in the calculated damage value could 
be interpreted as absence of further damage growth, however it is possible that the 
damage process is highly localized and further changes are not being detected. This 
can be a limitation related to the size scale used during measurement (optical 
changes, changes in modulus of elasticity). Although there was large plastic 
deformation, very few samples of the toughened epoxy developed necking. In most 
cases, the material fracture resembled brittle behaviour and no evidence of 
significant cavitation was apparent on the SEM observation. Other phenomena 
related to the development of shear bands were the increases in microhardness and 
the stiffening effect in the measured unload response. Both measurements indicate 
the presence of strong bonds that need to be deformed, but this is not reflected by an 
increase of the stress in the plastic portion of the stress-strain response under uniaxial 
tension. Increases in the strength with strain in the plastic regime, is considered 
typical of polymers with a high degree of shear banding. No reports in the literature 






The novel contributions of this dissertation can be summarized as: 
1. Material models (constitutive models) are developed based on underlying theory, or as 
empirical fits to data. In all cases, experimental data is needed but some challenges in 
experimental testing of adhesives were identified and need to be addressed to support current 
and future work in this field: 
a. A sample geometry that enables the measurement of fracture toughness and traction-
displacement response in Mode I and Mode II loading at high strain rates is required 
to support the implementation and development of cohesive models. 
b. There is need for experimental techniques that can provide damage data such as 
damage-strain curves and damage distribution profiles. The first information 
(damage-strain history) is useful for implementing constitutive models enhanced 
with damage mechanics formulations. The second is key for the validation and 
verification of such models. 
 
2. Microhardness is not a ‘standard’ technique such as the use of changes in modulus of 
elasticity to measure damage. In this work it was shown that microhardness is a robust tool 
that can be used not only to identify different trends for different adhesives, but it can also 
identify characteristics in response at large strains that may not be captured using other 
techniques. Microhardness also has the capacity of providing field measurements of damage. 
That is, damage results can be captured along any area of the specimen and provide 
granularity about damage distribution. Microhardness is traditionally used as an industrial 
control technique for quality control in polymeric materials. However, it was established that 
its use can be extended to measure damage in toughed epoxies. 
 
3. The primary objective of this work was the development of a technique that can provide 
damage-strain data as a field measurement. For this purpose, traditional methods such as 
measuring changes in microhardness, changes in modulus of elasticity, fractography, 
volumetric strains and optical techniques were implemented. The findings of this work 
contribute to expand the current knowledge of toughened adhesives but also points to 
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limitations in the available techniques. The different studies support the contention that 
concurrent experimental measurements may be necessary to fully understand damage 
evolution in structural adhesives. For example: 
ii. The use of fractography alone to determine damage can be heavily biased 
and over predict damage levels in a material previous to failure. This risk 
can be mitigated by implementing a second technique such as 
microhardness. 
iii. Experimental data supports the development of cavitation followed by shear 
banding. During the transition between these two mechanisms, the 
differences in prediction between damage measuring techniques (load-
reload, changes in strength and optical techniques vs. volumetric strains) 
point to the existence of a damage mechanism that is not reflected by 
changes in volume. Such differences could have not been detected if 
volumetric changes had been the only technique implemented for 
measurement. 
 
4.  It was determined that viscoelastic effects played a role in the detected differences in the 
mechanical response and the measured damage values It was identified that in the DP-460NS 
material, the damage predicted by the changes in stiffness using traditional load-unload 
measurements (D~35%) could not accurately be used to predict reloading behavior since the 
actual damage value that can be used to predict changes in stiffness and effective stress 
during reloading was substantially lower (D~20%). Current numerical implementations to 
represent adhesive materials (cohesive elements and continuum formulations with damage) 
may not be able to describe or replicate this mechanical response. This study points to the 
necessity of implementing a constitutive model, that can differentiate between first load, 
unload and following re-load. Multi-material structures or engineered components bonded 
with toughened epoxies that show craze-like behavior followed by shear banding will require 
such a model when cyclic loading needs to be considered and evaluated. 
 
5. Damage measurement using changes in average color is an accurate and robust experimental 
technique that offers a new method to qualify, understand and measure damage evolution in 
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polymeric materials with strain whitening. The technique can provide strain-damage curves, 
which are much-needed information for the implementation of constitutive material models 
for structural adhesives and other polymeric materials. The proposed experimental technique 
has the following advantages: 
a. It is a simple procedure that requires little equipment overhead: a camera, a personal 
computer with coding software and a microscope or micro-indentation machine. 
b. It is an enhanced non-destructive measurement method. It provides field information 
that is missing, or that can be very laborious to obtain when using traditional 
techniques such as load-unload or analysis of fracture zones. 
c. This field information can be used to better understand and quantify damage 
evolution and distribution in a material. 
d. Although the method is limited to strain whitening materials, the measurement can 
be implemented with any type of testing apparatus (e.g., Split Hopkinson bar) at any 
strain rate as long as a suitable image capturing device is used. The camera can use 





7.3 Recommendations for future work 
The research presented in this dissertation had limitations that can be overcome with further work in 
the following areas: 
1. Deformation along the area of analysis for the optical technique can impact the accuracy of the 
results. In the study, the deformation was assumed to be linearly distributed; however, this was 
a limitation when necking and/or large gradients were present around the final fracture region. 
This can be solved by using multiple tracking points to determine the exact deformation and 
displacement history for each one of the areas used for analysis. The current code for analysis 
needs to be enhanced with this feature. 
 
2. The measurement of damage in materials is not a simple task, the resultant strain-damage 
curves from the optical method developed in this research need to be extended to more adhesive 
materials and include testing at various strain rates. The additional data will make a valuable 
addition to the existing literature regarding the mechanical properties of adhesives and 
polymeric materials given the relevance of these materials for fields such as automotive and 
aero-space. 
 
3. Engineering design requires the consideration for fatigue life in many instances. Since 
microhardness was successfully correlated with damage, it is possible that hardness 
measurements captured at different levels of applied strain can also be correlated with fatigue 
life. S-N curves are not readily available for structural adhesives, and work is still required in 
this area. Of interest would be the use of Dynamic Mechanical Analysis. The use of DMA can 
provide further insight into the development of damage as changes in the mechanical and 
viscous properties of polymeric materials can be detected with load. 
 
4. Numerical simulation based on micromechanics models were conducted aside from this work. 
This is not only a powerful and robust way to predict the mechanical response of epoxy 
structural adhesives, but it also provides insights and understanding about the behavior of the 
individual components that constitute the adhesive. It will be desirable to incorporate damage 
data to further refine the capability of available micromechanics models, e.g., Eshelby or Mori-
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Tanaka. This enhancement can be used to numerically predict the mechanical response of more 
complex epoxy adhesive formulations. This is important for two reasons: first, it optimizes the 
formulation design process previous to manufacturing and actual testing which in terms 
maximizes the use of resources and enhances economic benefit. Second, the inclusion of 
damage data for the different individual constituents can facilitate the understanding of the 
micro-mechanical interactions between the different constitutive phases which in turn can 
predict the more likely damage mechanisms to occur as well as the circumstances that trigger 
them in complex polymeric materials.  
 
5. This work demonstrated that the understanding of epoxy adhesive materials is far from 
complete, especially when considering that new and more complex formulation of modern 
epoxy adhesives are in the drawing board or already in the production line (i.e., nano particle 
reinforced epoxies, bio-degradable epoxies, etc.). The role of cavitation in the development of 
craze-like damage mechanisms and the propagation of shear bands need further in-depth study 
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Mechanical properties and numerical simulation study 
A1: Material properties summary  
This section presents a summary of material properties for the three structural adhesives tested. 
Table A1-1: Modulus of Elasticity [GPa] ± 1 standard deviation 
 
Figure A1-1: Modulus of Elasticity as per Table A1-1 















EC-2214 5.17 5.12 N/A N/A 5.94±1.63 6.93±0.92 
DP-460NS 2.13 2.52±0.34 N/A 2.17±0.08 2.58±0.08 2.30±0.16 















EC-2214- 1540 1.82 5.46 5.17 1.87 0.38 
DP-460NS 1200 2.82 10 2.13 0.77 0.41 
SA-9850 1200 2.97 15 2.40 0.85 0.41 
Table A1-2: Cohesive model parameters 
 
 




Figure A1-3: Shear testing results for EC-2214 
 




Figure A1-5: Shear testing results for DP-460NS 
 








A2: LS-DYNA cards  
LS-Dyna cards for cohesive elements with strain rate dependency (Mat 240), the material properties 





Ro RoFLAG INTFAIL EMOD GMOD THICK OUTPUT 
_ 1.54 E-9 0 0 5.17E3 1.87E3 0 - 
GIc_0 GIc-INF EDOT_GI To T1 EDOT_T FGI - 
1.82 0 0 -69.73 -2.79 0.001 0.25  
GIIc_0 GIIc-INF EDOT_GII So S1 EDOT_S FGII - 
5.46 0 0 -31.79 -1.88 0.0049 0.77  




Ro RoFLAG INTFAIL EMOD GMOD THICK OUTPUT 
- 1.20E-9 0 0 2.13E3 0.77E3 0 - 
GIc_0 GIc-INF EDOT_GI To T1 EDOT_T FGI - 
2.82 0 0 -13.04 -3.45 5.34E-7 0.75  
GIIc_0 GIIc-INF EDOT_GII So S1 EDOT_S FGII - 
15 0 0 -23.89 -1.01 0.005 0.77  





Ro RoFLAG INTFAIL EMOD GMOD THICK OUTPUT 
- 1.20E-9 0 0 2.4E3 0.85E3 0 - 
GIc_0 GIc-INF EDOT_GI To T1 EDOT_T FGI - 
2.97 0 0 -21.05 -2.68 6.84E-5 0.7  
GIIc_0 GIIc-INF EDOT_GII So S1 EDOT_S FGII - 
15 0 0 -17 -0.3 4.41E-13 0.78  
Table A2-3: CZM Material Properties for SA-9850 
A3: Cohesive element (MAT#240) single element response 
Cohesive model response using single element simulations for tension and shear loading vs. 
experimental data (Figure A3-1 to A3-6).Cohesive model response metrics in single element 
simulations for tension and shear loading (Table A3-1 to A3-6). 
 




Figure A3-2: Single element MAT-240 shear simulations results EC-2214 
 




Figure A3-4: Single element MAT-240 shear simulations results DP-460NS 
 




Figure A3-6: Single element MAT-240 shear simulations results SA-9850 





















0.001 62.32 77.11 8.58 69.73 11.89 0.65 
0.77 82.66 75.64 N/A 82.38 0.33 0.50 
100 97.55 84.66 2.64 97.57 0.02 0.96 
Table A3-1: Cohesive model response metrics single element simulations EC-2214 in Tension 





















0.005 31.79 27.78 5.86 31.79 14.43 0.68 
0.5 40.47 40.77 0.24 39.20 3.85 0.83 
50 49.14 48.26 5.00 47.87 0.81 0.07 
Table A3-2: Cohesive model response metrics single element simulations EC-2214 in Shear 
 
 199 





















0.001 39.04 42.7 4.68 39.04 0.01 0.83 
0.77 
(GI=2.88) 
61.97 57.91 N/A 54.75 11.65 N/A 
0.77 
(GI=4.57) 
61.97 57.91 N/A 61.64 0.53 0.94 
100 
(GI=2.88) 
78.76 75.90 4.45 54.75 30.49 N/A 
100 
(GI=5.82) 
78.76 75.90 4.45 78.76 0.00 0.96 
Table A3-3: Cohesive model response metrics single element simulations DP-460NS in Tension 
 





















0.005 23.89 25.08 3.56 23.89 4.74 0.86 
0.5 28.57 25.37 3.16 28.57 12.61 0.98 
50 33.24 34.86 1.65 33.24 4.65 0.01 





























0.001 28.24 31.05 3.57 28.24 0.01 0.82 
0.1 40.58 38.41 6.55 40.58 0.00 0.76 
100 59.09 51.88 2.20 59.09 0.00 0.91 
Table A3-5: Cohesive model response metrics single element simulations SA-9850 in Tension 
 





















0.005 26.10 23.93 5.65 24.37 1.84 0.95 
0.5 26.86 27.51 5.19 25.88 5.93 0.95 
50 27.61 33.4 6.33 27.4 17.96 0.01 
Table A3-6: Cohesive model response metrics single element simulations SA-9850 in Shear
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A4: SAMP-1 solid element (MAT#187) single element response 
Solid constitutive model response using single element simulations for tension and shear loading vs. 
experimental data (Figure A4-1 to A4-6). Solid constitutive model response metrics in single element 
simulations for tension and shear loading (Table A4-1 to A4-6). 
 
 




Figure A4-2: Single element SAMP-1 shear simulation results EC-2214 
 
 




Figure A4-4: Single element SAMP-1 shear simulation results DP-460NS 
 




Figure A4-6: Single element SAMP-1 shear simulation results SA-9850 
 


















0.001 78.97 8.58 79.00 0.04 0.99 
0.77 75.64 N/A 83.10 9.87 0.94 
100 84.66 2.64 82.82 2.17 0.96 

























0.005 27.78 5.86 27.01 2.78 0.89 
0.5 40.77 0.24 29.38 27.95 0.36 
50 48.26 5.00 30.31 37.19 0.05 
Table A4-2: SAMP-1 model response metrics single element simulation EC-2214 Shear 


















0.001 42.73 4.68 42.75 0.04 0.99 
0.77 57.93 N/A 56.93 1.73 0.99 
100 72.42 4.45 72.46 0.05 0.98 
Table A4-3: SAMP-1 model response metrics single element simulation DP-460NS Tension 


















0.005 25.08 3.56 25.04 0.16 0.99 
0.5 25.37 3.16 30.03 18.36 0.65 
50 34.86 1.65 43.68 25.31 0.01 























0.001 31.05 3.57 31.06 0.03 0.99 
0.1 38.41 6.55 37.83 1.52 0.99 
100 51.88 2.20 50.76 2.15 0.95 
Table A4-5: SAMP-1 model response metrics single element simulation SA-9850 Tension 
 


















0.005 23.93 5.65 24.04 0.44 0.99 
0.5 27.51 5.19 29.66 7.80 0.5 
50 33.38 6.33 33.64 0.76 0.33 





Damage with microhardness 
B1: Preliminary study 
A preliminary study was conducted to determine if the fixture support method, to support the 
samples during micro-indentation, would affect the results compared to mounting the sample in 
epoxy mounting resin. Additionally, in all three materials, the effect of changes in applied load 
during the indentation process was studied as micro-indentation results should be independent of 
applied load. 
 
The DP-460NS sample was mounted in an epoxy resin (NAPA polyester resin, E ~ 3.0GPa, 
ultimate strength ~70+MPa) and measurements were made at different levels of applied weight 
(200–1000gr), which were then compared against measurements made in the jig. A T-test 
statistical analysis demonstrated that the average mean of the support fixture-mounted sample was 
statistically indistinguishable from the data measured in the epoxy-mounted material (Table B1-
1). Additional hardness measurements using the Vickers machine were taken to verify 
independence from the applied load during indentation [256]. In most cases a T-test analysis 
proved independence of load to be true for DP-460NS and EC-2214 materials (Table B1-1), but 
there were a few cases where this principle was challenged for SA-9850 (Table B1-1). The data 
for SA-9850 was plotted in detail (Figure B1-1), and considerable variability detected only at the 
two extremes of the loads applied during indentation. The variability of the data in all the adhesives 
was studied to assess differences (Table B1-2). Much lower variability was present in DP-460NS, 
and this material microhardness was consistent for all load levels investigated. The variability in 
the other materials can be related to the inherent error in the measurements since an optical filar 
micrometer and an optical microscope were used for the measurements at that time, and 
detectability at the lowest load setting was a challenge. Further investigation with the ODM could 
be warranted here for SA-9850 and EC-2214, but in general, assuming independence of load to 
determine microhardness using a Vickers machine is accurate. For each material, the load level 
that provided the least variability in the microhardness results, without compromising appropriate 




















Tobs 2.79 1.38 0.36 4.65 3.59 
Tcrit 3.52 3.30 1.70 1.72 1.71 
Table B1-1: T-test statistical analysis with 95% confidence 
 
 
Figure B1-1: Microhardness measurements in SA-9850 
 
Weight [g] 
200 300 500 1000 
DP-460NS 10.90 79.52 18.42 24.80 
SA-9850 766.92 209.43 72.15 254.34 
EC-2214 704.20 1447.11 - - 




B2: Statistical relevance of measured microhardness 
The tables below summarize the analysis results for each material at each measured location. Each 
table contains the observed value (Tobs) and the critical value (Tcrit) for the T-test, with a significance 
level of 95%. Locations, where the mean measured value was deemed statistically different from 
the material average mean microhardness (Table 3-4), are marked with the star symbol (*) in 
Figures 3-6 to 3-8. Calculations were made for all three materials for all tested strain rates. 
 
Strain 




Distance from fracture zone[mm] 
0.5 2.5 4.5 6.5 8.5 10.5 12.5 14.5 
0.002 
Tobs 3.03 0.65 0.59 0.11 3.04 0.35 - - 
Tcrit 1.88 2.06 1.93 2.33 1.85 1.92 - - 
0.01 
Tobs 1.66 4.32 5.03 7.20 7.73 4.44 - - 
Tcrit 1.89 1.79 1.77 1.76 1.71 1.77 - - 
0.1 
Tobs 0.04 2.13 1.18 1.89 2.14 0.67 - - 
Tcrit 1.97 1.83 1.81 1.85 1.74 1.91 - - 
100 
Tobs 0.56 1.17 0.95 0 1.50 - - - 
Tcrit 1.93 1.87 1.95 1.95 1.85 - - - 









Distance from fracture zone[mm] 
0.5 2.5 4.5 6.5 8.5 10.5 12.5 14.5 
0.002 
Tobs 23.09 5.95 22.35 78.14 22.71 20.12 3.43 - 
Tcrit 1.89 1.97 1.91 1.75 1.91 2.02 1.97 - 
0.01 
Tobs 23.40 100 67.72 36.05 7.12 127 0.47 - 
Tcrit 1.90 1.71 1.77 1.87 1.97 1.71 2.00 - 
0.1 
Tobs 8.86 10.76 11.78 67.28 76.65 4.39 3.02 - 
Tcrit 1.87 1.87 1.88 1.75 1.73 1.97 1.89 - 
100 
Tobs 17.38 144.06 66.56 19.45 - - - - 
Tcrit 1.89 1.92 1.77 1.89 - - - - 
 








Distance from fracture zone[mm] 
0.5 2.5 4.5 6.5 8.5 10.5 12.5 14.5 
0.002 
Tobs 1.13 1.02 1.06 1.65 2.97 0.51 2.99 - 
Tcrit 1.97 1.96 1.97 1.99 1.89 1.95 1.91 - 
0.01 
Tobs 11.95 12.58 14.42 5.52 6.68 0.02 3.50 10.31 
Tcrit 1.89 1.90 1.87 1.88 1.87 1.94 1.90 1.86 
0.1 
Tobs 49.06 17.36 7.09 12.81 5.86 12.16 3.82 3.96 
Tcrit 1.86 1.86 1.93 1.89 1.90 1.87 1.87 1.87 
100 
Tobs 1.12 4.13 1.04 0.76 5.52 1.57 - - 
Tcrit 1.79 1.79 1.81 1.77 1.77 1.79 - - 





B3: DP-460NS analysis at high strain rate (100s-1) 
To clearly understand the overall increase in microhardness (132.5MPa on average vs. 120MPa) in the 
undamaged material, and the variability recorded, the individual samples were examined in detail 
(Figure B3-1). In addition, each sample was subjected to a T-test against the base material measurement 
(Table B3-1). Sample AF-1 developed mostly crazing, while shear bands were present only in the area 
immediately adjacent to the fracture zone, hence the only significant increases in microhardness 
occurred at this particular point, while all others were softer. The AF-5 sample had crazing followed 
by mild shear banding along the gauge length; therefore the microhardness measurements were still 
softer than that of the undamaged material. Lastly, AF-3 developed crazing, but it was followed by a 
high degree of shear banding, and the resultant microhardness was substantially higher. For the three 
samples tested at the high strain rate, the T-test analysis supported the finding that the changes in 
microhardness were statistically significant. 
 
Figure B3-1: DP-460NS individual samples, microhardness measurements at 100s-1 strain rate. 






Distance from fracture zone[mm] 
0.5 2.5 4.5 6.5 8.5 10.5 
AF-1 
Tobs 28.39 0.96 2.45 9.99 56.97 -- 
Tcrit 1.82 2.01 2.29 1.94 1.79 -- 
AF-5 
Tobs 6.69 10.85 13.59 31.59 8.47 11.56 
Tcrit 1.92 1.89 1.86 1.74 1.92 1.87 
AF-3 
Tobs 5.52 10.17 14.37 2.40 0.19 6.09 
Tcrit 2.00 1.97 1.92 1.98 1.90 1.98 






Damage in an Epoxy Adhesive 
C1: Viscoelastic effects in microhardness measurements 
To clearly understand the potential for viscoelastic effects in DP-460NS, the undamaged material was 
subjected to micro-indentation. The micro-indentations were made using a Micro Vickers Hardness 
Machine (Leco MHD-200 model), and measurements were conducted using an opto-digital microscope 
(Keyence VHX-5000) at high magnification (1000x). Optical measurements of the indentations were 
conducted immediately after indentation and after a period of one week (Table C1-1). The 
microhardness measurements were compared against the published microhardness for the material 
[279] (Figure C1-1). The figure includes the microhardness average value (solid line) and the three 
standard deviation limits (dashed lines) of this figure. Statistical analysis was used to identify 
differences between the data sets mean average. The analysis was conducted using a T-test with 95% 
confidence (a=0.05). The T-test results (Table C1-2) report that recorded differences in the mean value 
of the measurements were not statistically significant. Therefore viscoelastic effects on this material 
are not expected. 
 




1st measurement 2nd measurement 
Diagonal length 
[µm] 
HVN Diagonal length 
[µm]  
HVN 
165 136.23 165.1 136.06 
189.3 103.50 182.5 111.35 
127.4 228.50 160.9 143.26 
134.8 204.10 170.9 126.98 
159.2 146.33 170.3 127.88 
168.4 130.78 163 139.59 
176.7 118.78 189.7 103.06 
190 102.74 201.6 91.25 
Average 146.4  122.4 
Std. dev 46.18  18.65 
Table C1-1: Microhardness indentations measurements 
 
Set Tobs Tcrit P-Value 
Base vs 1st 1.60 1.89 0.15 
Base vs 2nd 0.33 1.86 0.75 
1st vs 2nd 1.35 1.83 0.21 
Table C1-2: Statistical analysis 
 
C2: Additional microscope observations: polished sample under load and post 
failure fracture plane 
Additional observations were made at the surface of a polished sample under tension, at different levels 
of strain. Of notice was the detection of strain whitening at an embedded particle. The particle can be 
described as a circular black shell (~ 167 µm in diameter) with an interior white core (~66 µm in 
diameter). The color change started at the equator of the particle core and extended towards the shell 
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with increases in strain. Finally, the strain whitening extended beyond the shell towards the surrounding 
area (Figure C2-1, middle and far right) and the particle deformed into an ellipsoid for its final shape.  
 
 
Figure C2-1: Particle cavitation during increased axial loading 
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A fracture surface was studied using scanning electron microscopy (SEM). Although the fracture 
surface under SEM at various magnifications (Figure C2-2) resembles the typical appearance of a 
toughened epoxy with thermoplastic toughening [86], the morphology of the fracture resembles that of 
furrows and steps. According to Low and Mei [309], this type of morphology is evidence of crack 
growth and arrest, and it is similar to those observed in other toughened polymers [115]. No evidence 
of particle debonding was evident in the SEM observations. 
 
 




C3: Load-Unload measurements 
The measurements of the modulus of elasticity during load and unload are summarized in Tables C3-
1 to C3-4. Each table corresponds to the tested displacements as per Table 5-3, and each table 
includes the coefficient of determination (r2) and coefficient of variation (V1). 
 
Sample # and cycle 
Load cycle Unload cycle 
E 
[GPa] 
r2 V1 [%] 
E 
[GPa] 
r2 V1 [%] 
A-LU-A2-cycle1 2.06 0.99 0.25 2.11 0.99 0.13 
A-LU-A2-cycle2 1.93 0.99 0.17 1.98 0.99 0.13 
A-LU-A2-cycle3 2.02 0.99 0.21 2.02 0.99 0.18 
A-LU-A3-cycle 1 1.97 0.99 0.28 1,98 0.99 0.18 
A-LU-A3-cycle 2 1.83 0.99 0.22 1.83 0.99 0.20 
A-LU-A3-cycle 3 1.84 0.99 0.34 1.89 0.99 0.34 
A-LU-A4-cycle 1 1.96 0.99 0.29 2.06 0.99 0.26 
A-LU-A4-cycle 2 1.88 0.99 0.25 2.08 0.99 0.51 
A-LU-A4-cycle 3 1.98 0.99 0.33 1.96 0.99 0.50 
Table C3-1: Modulus of elasticity measurements and calculation coefficients for the applied 
strain of ~1.3% (Strain point A, Table 5-3) 
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Sample # and cycle 
Load cycle Unload cycle 
E 
[GPa] 
r2 V1 [%] 
E 
[GPa] 
r2 V1 [%] 
A-LU-B2-cycle1 2.12 0.99 0.14 1.98 0.99 0.17 
A-LU-B2-cycle2 1.91 0.99 0.13 1.91 0.99 0.19 
A-LU-B2-cycle3 1.88 0.99 0.15 2.00 0.99 0.18 
A-LU-B3-cycle 1 1.95 0.99 0.31 1.90 0.99 0.26 
A-LU-B3-cycle 2 1.99 0.99 0.24 1.91 0.99 0.15 
A-LU-B3-cycle 3 2.11 0.99 0.25 2.17 0.99 0.21 
A-LU-B4-cycle 1 1.92 0.99 0.26 2.15 099 0.29 
A-LU-B4-cycle 2 1.95 0.99 0.24 1.83 0.99 0.18 
A-LU-B4-cycle 3 1.91 0.99 0.29 2.06 0.99 0.25 
Table C3-2: Modulus of elasticity measurements and calculation coefficients for the applied 
strain of ~2% (Strain point B, Table 5-3) 
Sample # and cycle 
Load cycle Unload cycle 
E 
[GPa] 
r2 V1 [%] 
E 
[GPa] 
r2 V1 [%] 
A-LU-C4-cycle1 1.92 0.99 0.29 1.37 0.99 0.43 
A-LU-C4-cycle2 1.73 0.99 0.73 1.39 0.98 0.77 
A-LU-C4-cycle3 1.54 0.99 0.56 1.17 0.98 0.64 
A-LU-C5-cycle 1 1.78 0.99 0.27 1.27 0.99 0.65 
A-LU-C5-cycle 2 1.45 0.99 0.55 1.25 0.98 0.69 
A-LU-C5-cycle 3 1.28 0.99 0.60 1.22 0.98 0.71 
A-LU-C6-cycle 1 1.87 0.99 0.18 1.12 0.99 0.43 
A-LU-C6-cycle 2 1.66 0.99 0.21 1.26 0.99 0.39 
A-LU-C6-cycle 3 1.39 0.99 0.40 1.08 0.98 0.60 
Table C3-3: Modulus of elasticity measurements and calculation coefficients for the applied 
strain of ~7% (Strain point C, Table 5-3) 
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Sample # and cycle 
Load cycle Unload cycle 
E 
[GPa] 
r2 V1 [%] 
E 
[GPa] 
r2 V1 [%] 
A-LU-D1-cycle1 1.95 0.99 0.59 1.06 0.99 0.47 
A-LU-D1-cycle2 1.58 0.98 1.09 1.31 0.98 0.67 
A-LU-D1-cycle3 1.52 0.99 0.77 -- -- -- 
A-LU-D3-cycle 1 1.81 0.99 0.28 1.16 0.97 0.80 
A-LU-D3-cycle 2 1.67 0.99 0.48 1.21 0.97 0.88 
A-LU-D3-cycle 3 1.32 0.98 0.87 1.25 0.97 0.83 
A-LU-D10-cycle 1 1.99 0.99 0.33 1.05 0.98 0.66 
A-LU-D10-cycle 2 1.57 0.99 0.49 1.05 0.97 0.78 
A-LU-D10-cycle 3 1.50 0.99  -- -- -- 
Table C3-4: Modulus of elasticity measurements and calculation coefficients for the applied 
strain of 8–10% (Strain point D, Table 5-3) 
C4: Energy balance to check cavitation  
Strain whitening has been linked to particle cavitation .Gent developed an expression that predicts the 
required critical internal pressure (or local dilatant stress) to cause cavitation (Equation 5-1) in an 
embedded particle in a material. It is possible to calculate the required stress to initiate cavitation in a 
material and therefore the strain whitening using an energy balance. Assuming that the material is linear 
elastic, the stored strain energy can be equated to the energy required for a phase transition towards a 
liquid material that can cavitate (Equation C4-1). The softer material favors then the formation of 
Taylor meniscus instabilities at regions of high stress from which fibrils/tendons can be drawn 
[338,339] and in turn leads to the creation of voids. Changes in temperature (ΔT), the material density 






Equation C4-1: Energy balance between phase changes and strain energy 
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The required data to use this equation with MBS is scarce. However, reasonable approximations can 
be made using general data from polymers and available data for both MBS and DP-460NS. The 
modulus of Elasticity for MBS as reported by Zhang [340] was 101≤19 MPa. Testing of the adhesive 
material using differential scanning calorimetry (TA Instruments DSC Model Q2000) has identified 
the glass transition temperature to be between 65 and 67°C. The exact heat capacity of MBS or DP-
460NS has not been measured, but for polymers, this property typically varies between 0.318 and 2.08 
kJ/(kg K) [94].  
 
To calculate the stress to initiate cavitation using Equation C4-1 required some assumptions: it was 
assumed that the volume of the particle was equal to the volume of surrounding material causing the 
stress field; also the average density of the adhesive (1,200 kg/m3, Table 5-1) was used for calculations. 
The exact value of the material heat capacity is unknown. This value was narrowed down using typical 
values of heat capacity for polymers (between 0.318 and 2.08 kJ/(kg K)). A temperature differential 
equal to the difference between room temperature (25°C) and the glass transition temperature in the 
material (66°C) was assumed for the calculation. This was a reasonable value considering the 
thermodynamic conditions of the test (adiabatic behavior without heat transfer) and the fact that at the 
glass transition temperature, the material can develop the required soft phase that can initiate a 
cavitation process. In this particular material, the cavitation stress predicted by the energy balance 
(Equation C4-1) was between 255 and 652 MPa. In this case, the calculated values need to be 
interpreted as the stresses around an inclusion or defect and not the average across the bulk cross section 
measured during uniaxial tension. In the case of the MBS toughening material, the required stress for 
cavitation from the energy balance was approximated in the range of 62 to 158 MPa. 
 
An alternate method to predict cavitation based on an energy balance was proposed. With the 
measured average stresses and the calculated tip concentration factors, it was possible to demonstrate 
that there was enough strain energy around crack tips to propitiate the material phase transition 
required for the development of cavitation. The predicted stress range from the energy balance (255 
to 652 MPa) was in agreement with the calculated stresses using the stress concentration factors (300 






Macroscopic Optical Technique 
D1: Preliminary study 
A preliminary study was conducted to determine the best method to detect and quantify the changes in 
color for a region. Different methods for image analysis were considered to identify and quantify 
changes in image pixel values, such as histograms (Figure D1-1), segmentation and mask operations. 
Although they are well-established methods, they were either computationally expensive (histograms) 
or not well suited to compare images in which deformations play a significant role (mask operations), 
and pixel correspondence between one image and the next is not 1 to 1. To easily differentiate between 
changes, the use of the mean average value of the pixels in a specific region was deemed to be practical. 
Conceptually it clearly represents an average of the histogram changes in time while being 
computationally efficient and eliminating the 1 to 1 pixel correspondence problem.  
 
 
Figure D1-1: Pixel color histogram changes with strain 
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To define the average pixel value in a region two methods were considered. Firstly, decomposition of 
pixel color into three different signals followed by calculation of the average value in the area of 
analysis for each signal. Secondly, implementation of the Jia method [333], in which the color is treated 
as a vector; in this method, the magnitude of the vector represents the illumination component (lighter 
or darker) while the angle represents the actual color (blue, red, etc.). Figure D1-2 presents analysis 
results for the same area using signal decomposition as well as color vector analysis for a sample tested 
during the preliminary study. In both cases the magnitude of the changes for all practical purposes was 
identical; the absolute magnitude of the measured deltas (final value minus initial value) was around 8 
to 10% (Table D1-1). 
 
Figure D1-2: Mean pixel value at failure zone. Color vector approach (left hand), RGB 




Method Quantity Initial Final |Δ| 
RGB 
R 0.51 0.60 0.09 
G 0.47 0.56 0.09 
B 0.29 0.38 0.09 
Color vector Angle [Rad] 0.225 0.155 0.07 
Table D1-1: Figure D1-2 change in color results 
Pragmatically the change detected in any of the channels was comparable and hence the analysis could 
be carried using any of the three signals. A priori the measured intensity in the red channel was more 
significant (higher pixel value) without a significant level of noise hence this signal was used for 
analysis in this material. 
Besides analysis technique, numerical methods that use discretization require convergence verification 
in the results. To verify the impact of the discretization in the studied area, a convergence analysis was 
performed by dividing the test gauge zone of the sample into 5,10,15,20 and 40 sections, then the 
implemented algorithm for analysis was used to calculate the mean pixel color value for each individual 
zone, and the results were compared. The method consistently identified similar levels of color change 
in correspondent areas of the material (Figure D1-3); independently of the number of divisions used 
for the analysis. Also, the code properly distinguished the area containing the fracture zone, as the 
location with the most significant change in mean color. The same amount of net change was predicted 
for the fracture zone independent of the number of zones used for the analysis (Figure D1-4), 









Figure D1-4: Failure zone convergence. Data from the analysis (left hand), and normalized 
results (right hand) 
 
D2: Fractography 
Study of fracture surfaces is not an easy task; it is time-consuming and requires insight and skill to 
correctly identify the relevant features. With current image processing tools, this job can be expedited, 
but the operator needs to assure that the measured features are not significantly distorted and that the 
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results are reasonable. This section provides a brief summary of the fractography process done to arrive 
at the results summarized in Table 6-3 of the main text. 
The first task for identification of features in fracture surfaces is to accurately determine the working 
area; this is typically done by cropping the image to determine the area of interest (AOI). Once an AOI 
is established, features such as cracks and voids can be identified and quantified by individually 
selecting pixels or by using selection tools that can isolate the contour of the feature. In this work, the 
low magnification images were used to manually identify voids and cracks to establish a baseline value. 
The onboard software of the microscope was used with a threshold value to separate and quantify the 
features of interest. Additional processing was performed with the aid of Image J. Morphological 
operations in a specific order (image processing protocol) were performed to isolate and quantify the 




Manual selection of features with mouse and lasso tool. Features identified in three 
different layers using GIMP 
Color 
threshold 
Onboard Keyence software. Use 4 different shades of gray to isolate the relevant 
features 
Protocol 1 
Sharpening, despeckle, contrast enhance, remove outliers, morphological top hat w 
element radius > 20, 8-bit conversion, binarization 
Protocol 2 
From previous protocol add closing operation follow by despeckling, run to times to 
eliminate textures 
Protocol 3 
From protocol 1 after removing outliers, gray attribute filtering closing with a 
minimum area of 122, morphological gradient r=2, 8-bit conversion, threshold of 
darker features 
Protocol 4 
From protocol 1 after removing outliers, subtract background, sharpen, binary, 
closing operation and despeckle 2x 





Figure D2-1: Image feature identification for sample AA-7 under three different methods 
To assure the quality of the results, 3 typical features per image were used as a control. The typical 
features selected were a micro-void (r< 10µm), a void (r>20µm) and a crack. Figure D2-2 and Table 
D2-2 illustrate the process. Table D2-3 summarizes the quantification of damage in the observed 
fracture surfaces. 
 










Area of feature Differences [%] 
Original image 
(A) 
Prot. 1   
(B) 
Prot. 2   
(C) 
A vs. B A vs. C 
Feature 1 
AA-6 6083.069 6861.136 6486.249 12.79 6.63 
AA-7 17881.394 24021.05 22210.276 34.34 24.21 
AA-8 14594.701 15266.661 16394.393 4.60 12.33 
Feature 2 
AA-6 9626.811 17414.554 20321.695 80.90 111.09 
AA-7 56480.591 46882.073 44696.412 16.99 20.86 
AA-8 2668.906 2290.704 2199.076 14.17 17.60 
Feature 3 
AA-6 2687.868 2426.154 2157.368 9.74 19.74 
AA-7 1952.241 1358.081 2249.321 30.43 15.22 
AA-8 40454.994 52284.439 46441.381 29.24 14.80 








80 x 500 x 




















AA-6 0.32 0.31 0.58 0.41 0.20 0.63 0.49 0.17 0.33 
AA-7 0.66 0.38 0.64 0.49 0.16 0.55 0.35 0.40 0.35 
AA-8 0.61 0.34 0.75 0.48 0.16 0.50 0.35 0.10 0.39 




D3: Changes in color measurements  
D3-1 Changes in color  
The three following figures summarize the changes in color measurements. The first two figures (Figure 
D3-1 and D3-2) depict the color history in two of the tested specimens for the material while the third 
(Figure D3-3) one describes the calculated change in mean average pixel color with strain for all zones 
used for analysis along the area of interest in all tested samples. Following these results, there is a 
detailed description of measured noise in the system. 
 
Figure D3-1: Color history DP-460NS, sample AA-7 
 




Figure D3-3: Mean pixel color change (channel 1) with strain in DP-460NS, all tested samples 
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D3-2 System noise and illumination variability 
Noise in the system had to be understood and quantified so only relevant changes in color were 
acknowledged avoiding then false positives. Noise in the system can be introduced by sensor drifting 
and/or saturation in the signal, besides variations in illumination that can affect the image. System noise 
was measured using the standard deviation of the average pixel value. The measurement was 
implemented in two regions of the image background: above and below the sample test gauge. Figure 
D3-4 illustrates the areas of interest for noise in sample AA-6. Table D3-1 summarizes the measured 
average pixel value with its standard deviation in the regions tested for noise. The average noise was 
used to calculate the signal to noise ratio (Equation D3-1, Figure D3-5) for the measurements. This was 
used to determine the relevance of the change in the color history (Figure D3-5). Besides the relevance 
of the signal in comparison to noise, the variability of color in time at each one of the zones used for 
analysis was considered. The measurement was done at the correspondent area on the speckle pattern. 
Since the speckle zone is relatively unchanged during the test, the changes in mean value were measured 
(Figure D3-6)  
 
 
Figure D3-4: Areas of interest for noise analysis and signal drifting (Sample AA-6) 
Sample AA-6 AA-7 AA-8 
Upper 0.219≤0.013 0.214≤0.016 0.207≤0.012 










Equation D3-1: Signal to noise ratio definition 
 




Figure D3-6: Speckle region absolute mean changes for each sample 
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D3-3 Sensor drift 
The drift of the system was verified by calculating the average pixel value in the noise region as well 
as in the speckle pattern area of the sample test gauge. Average pixel value typically drifted towards a 
lower value by 0.058.  
 
Figure D3-7: Signal drift in time at the tested zones for noise (Moving average 50 points, 
unfiltered data for inserts) 
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D4: DIC  
This section verifies the quality of the DIC analysis and summarizes the DIC measurements used to 
calculate volumetric damage in the coupons tested for this study and summarizes the strain values at 
the measurement points. 
D4-1 DIC quality and expected measurement error 
In the first instance, the digital extensometer results used to define the stress-strain curve response of 
the material was compared to stress-strain curves obtained with the use of contact extensometer (Figure 
D4-1, left hand). The strain response was measured using digital extensometers from tracker 
software[341] and compare against DIC results (Figure D4-1, right hand).  
 
Figure D4-1: DIC quality control 
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Data for this study was collected using a single camera setup for each view; this requires that the 
material deforms in a plane perpendicular to the axis of the camera. As is noticeable in some of the 
sample images (Figure 6-5 in the main text, and Figures D2-1 and D2-2 in this appendix) the material 
demonstrated large deformations. Such deformations induce out-of-plane translations (a1-errors) as 
well as out-of-plane rotations (a-2 errors) as explained by Sutton [170]. For error calculation, the lens 
distance to the specimen was approximately 600 mm. Strains were also calculated by direct measuring 
in the images previous to failure (Tables D4-1 to D4-3). Additional systemic errors can be introduced 
by the quality of the speckle pattern affecting the interpolation routines used for calculation [171]. 
Although there is no direct way to calculate or correct this error that the authors know of, the analysis 
included the use of low pass filters and high interpolation orders to minimize the errors that could be 
induced by the bi-modal distribution of the speckle pattern as recommended by Sutton [171].  
 
Camera 








a-1 a-2 Expected strains 
eyy exx eyy exx Axial lateral 
A 0.105 5.56 -1.7E-4 -1.7E-4 -4.7E-4 -5.64E-3 0.107 -0.008 
B 0.180 1.00 -2.9E-4 -2.9E-4 -8.40E-5 -3.2E-4 0.107 -0.061 











a-1 a-2 Expected strains 
eyy exx eyy exx Axial lateral 
A 0.149 5.41 -2.4E-4 -2.4E-4 -4.5E-4 -5.3E-3 0.178 -0.128 
B 0.119 1.00 -1.9E-4 -1.9E-4 -8.40E-5 -3.2E-4 0.178 -0.077 













a-1 a-2 Expected strains 
eyy exx eyy exx Axial lateral 
A 0.278 5.12 -4.5E-4 -4.5E-5 -4.3E-4 -4.9E-4 0.145 -0.153 
B 0.370 1.00 -6.0E-4 -6.0E-4 -8.40E-5 -3.2E-4 0.145 -0.179 
Table D4-3: Sample AA-8, DIC errors and expected strains previous to failure 
D4-2 Strain measurements 
Figure D4-2 illustrates a summary of strain values at the measurement points using DIC analysis. The 
figure includes axial strains (exx) for the frontal view (Cam A) and side view (Cam B). The figure 
includes the lateral strains (eyy and ezz) as well as the shear strains (exy and exz).  
 
 





Figure D4-2: Strain measurements from DIC (continued) 
